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Abstract 
This IQP explores the possibility of using NEAs (Near Earth Asteroids) as spacecraft in 
order to protect astronauts from space radiation in interplanetary travel. We examined the needs 
of manned spaceflight and established criterion for selecting asteroids, using Mars as an example 
target to outline the process of using NEAs. We investigated what the future might look like as 
NEAs are used to spread humanity across the solar system and how to protect Earth and our 
culture from space threats. 
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Executive Summary 
 Humanity is on the verge of entering a new era of deep space exploration and space 
colonization. Traveling in space presents an array of problems for supporting life, all of which 
must be solved before humans can successfully fly beyond Earth’s gravitational influence. This 
paper begins by discussing the issues of microgravity, food, water, power generation, propulsion 
systems, the need for advanced robotics, and radiation in space. Looking to current research into 
each of these issues sets the stage for developing a picture of what the future solutions will look 
like. 
This final issue, space radiation, is examined in detail with the intent of providing a 
solution using Near Earth Asteroids, NEAs, to protect astronauts. By using a mission to Mars as 
an example, we outline the steps needed to determine which asteroids offer the best solution to 
all the variables that need to be addressed. Each asteroid must first be capable of traveling 
between Earth’s and Mars’ orbit and also be large enough to both house and shield the 
astronauts. The astronauts will travel between planets on the NEAs, while using a small 
spacecraft to travel to and from the asteroid and planet. By analyzing the amount of radiation in 
space and acceptable levels astronauts can experience, we developed a set of parameters for how 
much shielding is needed. Without further data about the size and material composition of 
asteroids we can only complete the first step of selecting asteroids by looking at their orbits. 
While there is not an asteroid in a perfect orbit, we can use propulsion systems in development to 
manipulate their orbits, and develop an ideal vehicle for travel between Earth and Mars. 
This paper concludes, examining what the future of humanity will look like with 
interplanetary travel mastered and the human race spread across the solar system. Additionally, 
threats from space, past, current and future, are examined and the techniques developed for 
preparing NEAs can be applied to protect Earth and her inhabitants.  
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Introduction 
 On October 12, 1492 Christopher Columbus and his crew became the first Europeans to 
land in what they came to call the New World. From this point in history, it took nearly 200 
years before there was a fully functional society in the New World, in which one could travel 
between the Americas and Europe in a matter of weeks. It is argued that in 1903 the Wright 
brothers made the first human flight in a fixed wing aircraft. Only 66 years later Neil Armstrong 
stepped out of the Apollo 11 lunar module and onto the moon for the first time. Once again 
humans had discovered a vast new frontier with unknown possibilities, Space.  
 Humans have created monumental successes in space with countless satellites, deep 
space probes, putting our own species into space and leaving lasting footprints on our Moon. 
However, within all this success lies a question. How long before we create a new society in this 
newly discovered expanse and what is preventing us from doing so? 
 This question is the driving force behind this paper. To examine this question, its 
complexity must first be recognized. Space exploration has been a topic of constant debate 
scientifically, economically, and politically since the Apollo program ended leaving humans to 
wonder where we go from here. Dr. Wernher von Braun, father of the Saturn V rocket, dedicated 
his life to space travel and envisioned a human presence existing beyond the moon; on Mars. 
Humans began to look to Mars, and soon having a robotic presence on the planet was no longer 
science fiction. The idea of a human presence on the Red Planet quickly spread through 
imaginations, but this idea presented an equally fantastic amount of challenges.  
 The paper reformulates the original question into what would it take to put a human 
presence on Mars. It examines the current challenges humans must overcome and solve to create 
the beginnings of a new society on a new planet. One of the major challenges posed by space is 
the massive amount of radiation experienced during a flight outside the protection of the Earth’s 
magnetosphere. This problem begs a solution, which comes from looking at our celestial 
neighbors, Near Earth Asteroids (NEAs). By traveling inside the asteroids, astronauts can travel 
to Mars and beyond in safety. The requirements to ensure the safety and arrival of the astronauts 
are analyzed and a mission to Mars is used to simulate the process involved and how using 
NEAs can be achieved. We then examine what a futuristic space society might look like and how 
it may function. Lastly, the paper comes full circle to identify the current risks space presents to 
Earth and humanity and ways in which these can be avoided or solved.   
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Part 1: The Current State of Space Exploration and Research 
Humanity in Space and the Problems of Space Exploration 
 Space presents a vast array of problems to humans to attempt to overcome, starting from 
the very basics of Earth that we tend to overlook. Microgravity is not only inconvenient when 
performing tasks but also poses many health hazards. Any sort of space exploration also requires 
the necessary resources for humans to survive, basic needs of food and water. From this problem 
stems another of how any means to provide resources will be powered. Another problem lies 
within the idea itself of space exploration, that is to say what propulsion and fuel source will be 
used. Yet another problem comes from the realization that humans will not be able to perform all 
tasks within this arduous environment. Thus advanced robotics will be needed to assist humans 
in areas they cannot succeed alone. Lastly, the extremely hazardous environment of space itself 
must be looked at. These topics are all current challenges humanity must overcome to continue 
and advance the exploration of space. 
1.1 Microgravity’s Effect on Human Physiology 
One considerable problem to long-term manned space missions is microgravity. Its effects on the 
mission crew, both immediate and long-term, are issues that will have to be solved before 
humanity can hope to explore deeper into space and accomplish more complex missions. 
What is Microgravity? 
 Microgravity is what is commonly referred to as “zero gravity”. It is not actually the 
absence of gravitational effects, but rather the situation in which gravitational acceleration is 
very slight, to the point of being unnoticeable. The situation arises due to the nature of gravity 
itself. Gravitational force is defined as      
    
  
FG where m1 and m2 are the masses of the 
two bodies, and r is the distance between them.
1
 Here G is the universal gravitational constant 
and equals 6.67x10
-11
 m
3
/kg*s
2
.
2
 If the equation is divided by the mass of the smaller body (  ) 
then the magnitude of the acceleration of the smaller body is     
  
  
. So as r increases, the 
magnitude of acceleration decreases exponentially. 
                                                        
1 (Hale, 1994) 
2
 (Cook, Faller, & Nordtvedt Jr., 2012) 
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Effects of Microgravity on Humans 
 There are several effects due to the loss of gravity on the human body. The first major 
effect is bone mass loss. It has been shown that significant losses in mass of weight bearing 
bones (i.e. Femur, spine, ect.) can occur in as little as 6 months of being in microgravity. There 
are no substantial effects on non-weight bearing bones however.
3
 This seems logical as only the 
bones that are normally subjected to pressure due to the gravitational force on the body above 
them would feel the effects of the loss of gravitational acceleration. It should be noted that the 
effects of microgravity on the weight bearing bones is not short-term. The damage will not fully 
recover within another 6 months of being subjected to normal gravity, so recovery appears to be 
a slow process.
4
  
 The next effect is change in muscle. The most obvious form of this is in muscle loss. 
Much like the effects on bone, the largest loss in muscle mass occurs in “antigravity” muscles, 
muscles that would normally be used to work against the force of gravity on the body.
5
 The 
effect on muscle also occurs in other forms. It has been documented that fast-twitch muscle 
development increases, and joint and muscle stiffness increases.
6
 This would seem to imply that 
movement of the effected muscle becomes unsteady, sudden, and not fluid and smooth.  
 A third effect is a higher risk for infection. This is due to the combination of a diminished 
immune system and a better environment for bacteria and viruses. It is believed that the immune 
systems response capabilities are reduced after spending an extended period of time in space. 
Microgravity decreases many of the populations of immune response cells, leading to an overall 
decrease in immune response capability.
7
 Some of these effects have only been studied on rats 
however. Compounding the weakened immune system is that bacteria multiply faster and form 
films better in microgravity, and that the disinfection methods for use in microgravity are not 
capable of neutralizing viruses.
8
 In summary in microgravity astronauts have a higher possibility 
of getting sick and staying sick.  
 It can be seen that if the issue of microgravity in space is not addressed and accounted 
for, that the crew of a long-term manned mission will arrive at their destination with weakened 
                                                        
3
 (Ph. Collet, et al., Volume 20, Issue 6, June 1997) 
4
 Ibid 
5
 (Lambertz, Perot, Kaspranski, & Goubel, January 1, 2001 vol. 90 no. 1) 
6
 Ibid 
7
 (Todd, Pecaut, & Fleshner, Volume 430, Issue 2, 6 December 1999) 
8
 Ibid 
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bones, weaker twitchy muscles, and possibly sick with an infection. Therefore a technological 
solution must be implemented.  
Solutions for Microgravity 
 A simple yet effective solution is the use of centripetal force via centrifuge. The idea of 
the centrifuge is to try to simulate the effect of gravity by use of another radial force, centripetal 
force. The force induced on an object by the centrifuge is       
 , where m is the mass of 
the object, r is the distance that the object is from the center of the centrifuge, and ω is the 
angular velocity of the centrifuge.
9
 If R becomes larger, the ω required becomes smaller, and 
vice versa. This solution may seem very straight forward, but there are other considerations to be 
made. One is that FC changes with r. This force gradient is equal to “the difference of the radii 
divided by the radius at the hub.”10 This gradient introduces several problems. For one it means 
that in order to have FC at the level of the astronauts head be equal to 1g the force at his or her 
feet must be greater than 1g.  A second problem is that it will make radial movement difficult. If 
an astronaut tries to move an object (or even his or her arms and legs) radially the force on the 
object due to centripetal force decreases, and so the force applied by the astronaut must decrease 
equally if a fluid and steady motion is to be maintained.
11
 The astronaut will have to learn to 
compensate for this. This could be avoided by making the radius of the centrifuge larger, thus 
decreasing the felt effect, but a practical spacecraft can only be made so large.  
 Other problems also arise for the centrifuge solution. One is that the astronaut will 
experience an acceleration anytime he or she makes a movement “about any axis except parallel 
to the spacecraft spin axis”.12 This acceleration is       , where    is the angular velocity of 
the astronaut’s movement, and ω is the angular velocity of the centrifuge.13 So if for example the 
astronaut spins his head, his head will feel an acceleration equal to α. His body will sense the 
acceleration, but his eyes will not notice any movement to suggest the acceleration, leading to 
motion sickness.
14
 Like the force gradient problem, this could be corrected with a larger 
centrifuge radius, allowing for a smaller ω and there for a smaller α. 
                                                        
9
 (Young., 1999) 
10
 Ibid 
11
 Ibid 
12
 Ibid 
13
 Ibid 
14
 Ibid 
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 The final problem is radial and tangential Coriolis forces. As the astronaut walks around 
the centrifuge, the radial force on him or her will decrease depending on which direction he or 
she walks, and how quickly. The radial force on the astronaut during movement becomes 
           
  
  
 
 when V is in the same direction as ω and            
  
  
 
  when V 
is the opposite direction to ω, where m, r, and ω are the same as for the previous equations, and 
V is the speed at which the astronaut walks.
15
 This effect will make walking around the 
centrifuge difficult as the astronaut will either lift up or be pressed down. The tangential force 
acts as the astronaut moves radially through the centrifuge. It tries to push the astronaut 
sideways, and is given by   
           , where V is the velocity at which the astronaut moves radially.
16
 This will make 
activities such as climbing a ladder in the centrifuge more difficult. 
 Despite the problems it has, the concept of using centripetal force induced by centrifuge 
is likely the best solution to counteract all the effects if microgravity. The concept has already 
been shown to counteract the medical effects (in rats at least)
17
 and it should allow astronauts to 
work and live in a more natural and comfortable environment.  
 However if only the health effects of microgravity need be suppressed, then a variation 
on the centrifuge concept will be a better solution than the full sized version. This more practical 
application of centrifuge based artificial gravity takes its form in a small one-person device. A 
study done by Hiroshi Akima has shown that approximately 40 minutes of intensive short-arm 
centrifuge artificial gravity along with concurrent exercise can stave off the debilitating effects of 
microgravity.
18
 The centrifuge device used in the study was approximately 2400 kg, but only had 
a diameter of 4m.
19
 Such a device would be smaller and less massive than a large centrifuge 
encompassing a whole living area. And while the potential Coriolis forces will be greater due to 
the higher angular velocity necessary to create a sufficient G-load, these will not be a problem 
since the astronaut will be stationary during the time on the centrifuge. The problem of induced 
acceleration will still be a problem, but could perhaps be corrected by head restraints. The end 
result of this arrangement should allow astronauts to retain muscle and bone mass while only 
                                                        
15
 Ibid 
16
 Ibid 
17
 Ibid 
18
 (Akima, et al., Volume 76, Number 10, October 2005 ) 
19
 Ibid 
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having to deal with the inconveniences of centrifuge induced artificial gravity for 40 minutes a 
day. The device will also be simpler in implementation, smaller and lighter, and furthermore 
could be made to be portable, allowing for it to be taken with the astronauts down to their 
destination (Mars for example). 
1.2 Resources for Space Exploration 
The logistics for supporting life outside of Earth’s atmosphere is complicated and 
resource intensive. To send manned missions into space, or to another celestial body, the crew 
must carry everything they will need for the duration of their travels. Unless re-supply missions 
can be carried out, the crew is essentially on their own. The Apollo 13 mission to the Moon is a 
great example of this isolation at work, while the International Space Station (ISS) on the other 
hand, is regularly re-supplied by un-manned vehicles to maintain the crew and experiments 
onboard. The differences between these missions are numerous, but they all boil down to one 
issue. 
Weight is the single largest concern in planning space missions. The rockets launching 
the mission can carry a finite amount of mass to certain points in space. The more resources 
required for a mission, more or larger rockets are needed to lift them into space. This is partly the 
reason why it took more than a decade to complete the ISS and the enormous cost associated 
with putting the pieces into space. 
A mission to establish a semi-permanent or permanent human presence on a planet or 
moon requires a lot of planning and a large variety of resources. Shelter, food, water, and energy 
are some of the most basic needs that must be met for a human-being to survive anywhere not 
just on Earth, regardless of their location on a celestial body, or traveling in-between them. 
Food in Space 
 What astronauts and space-farers can eat is largely dependent on what can survive in 
space. ISS, Space Shuttle crews and others have tried to develop food that stays preserved, 
palatable, and nutritious for long space missions, but none have developed a perfect solution. 
The average astronaut consumes roughly 1.6 kilograms of food a day, which quickly adds up 
when you factor in the length of the mission and the number of crewmembers.
20
 The food 
currently consumed aboard the ISS is produced on Earth and shipped up to the Space Station on 
                                                        
20
 Invalid source specified. 
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a regular basis. This is important because current methods of preservation do not retrain the 
nutrition and palatability for even one year.
21
 One of the interesting nutritional losses are 
Vitamins A, B, and C, which are important for maintaining the body, and keeping the immune 
system strong.
22
  
 Growing food onboard spacecraft and other planets is not a new idea, and has been 
explored in-depth by NASA. It helps to reduce or even eliminate reliance on Earth-made foods 
that would have to be constantly shipped across the solar system or carried onboard. While the 
materials to build greenhouses, and fertilize the plants would have to initial come from Earth, 
growing food holds a lot of promise. There are, however, some downsides that need to be 
overcome before astronauts can grow their own food in space. 
 An astronaut growing their own food offers many benefits, among which include air and 
water filtration. Since they help naturally scrub the air of Carbon Dioxide, they help relieve the 
burden on other air recycling on CO2 scrubbing equipment, reducing energy outputs for that vital 
function and increase the lifespan of the filters.  
 Another less-scientific benefit from growing food is the psychological impact on the 
astronauts physically isolated from their home. Having a small piece of ‘home’ with them and 
the need to take care of the plants in order to survive can help unify the crew and keep them 
going in the face of challenges. While the mission is undoubtedly a scientific one, the humanity 
of the crew must be considered. They are not like the robots that have and are currently exploring 
the solar system. 
Greenhouse Pressures 
 If greenhouses are built to work in space or on a planet with a lower atmospheric pressure 
than Earth, reducing the pressure inside the greenhouse helps reduce the stresses on the structure 
trying to contain the atmosphere. Past missions like Apollo used a low cabin pressure near 5 psi 
to reduce the loads that the spacecraft needed to contain, reducing weight in the construction of 
the pressure-containing sections.
23
 The reduction in weight for greenhouses is not worth the 
tradeoffs. In tests to see how plants reacted in low-pressure environments, it was discovered that 
                                                        
21
 (Raloff, 2010) 
22
 Ibid. 
23
 (California Scientific Center) 
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the low pressure triggered drought reflexes.
24
 No matter how much sun, water, or nutrients they 
were given, the low pressure caused the plants to pull more water through their leaves, which 
caused hormones and other chemicals to travel through the plant faster than normal.
25
 This 
caused the plants to age more rapidly and reduced their ability to grow. Therefore if plants are 
going to be grown off planet, they must be at or near 101.3 kPa, or atmospheric pressure on 
Earth.  
Growing Plants in Micro-gravity 
 Another interesting aspect of growing plants in space is the lack of gravity. The Biomass 
Production System (BPS) used florescent bulbs and spent 73 days on the ISS after being 
delivered by STS-110 in April 2003. This was a test to see if plants could be germinated and 
grown in microgravity on a long-term basis. The plant of choise for this experiment was Brassica 
rapa, a type of oilseed, due to its edible oil and protein content. Brassica was also used aboard 
the Russian Space Station Mir. The plants were exposed to 20 hours of light followed by 4 hours 
of darkness at a constant 24°C and 78% humidity. The light emitted by the clean white florescent 
bulbs was only at specific wavelengths corresponding to the gasses inside the tube. This differs 
from the continuous spectrum of light that the Sun emits, and could have effects on later 
generations of plants. Both the BPS on the space station and the control plants on Earth were 
subjected to the same conditions, except the plants grown in space were in micro-gravity, and 
experienced more radiation as a result of them not being shielded by the Earth’s magnetosphere. 
 From the BPS experiment, NASA scientists were able to learn that plants grow at about 
the same rate in space, as on Earth. The one critical difference found was the micro-gravity 
plants produced seeds with higher concentrations of chlorophyll, carbohydrates, and starches, but 
far less protein. This suggests that later generations of plants grown in a micro-gravity 
environment, will mutate, and possibly become inedible and therefore worthless as food for 
long-term space missions.  
HELIAC LED Photosynthesis 
 One goal of growing food in space is to keep the energy demands low, which is why the 
BPS experiment used florescent bulbs, rather than traditional filament light bulbs which would 
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have created light at more wavelengths than the florescent bulbs. To address the wavelength and 
energy requirements for growing space plants, NASA has developed an LED lighting system 
called HELIAC (High Efficiency Lighting with Integrated Adaptive Controls). The system is 
arranged into vertical columns of solid-state LED blocks, which can be individually controlled.
26
 
This allows for only the blocks nearest to the leaves to be activated, saving energy. Additionally, 
the solid-state LEDs eliminate the potential hazard of broken bulbs and the release of gasses 
from florescent light bulbs. These LEDs can be keyed to emit light at certain wavelengths that 
are the most beneficial to photosynthesis, allowing the plants to grow the most efficiently.
27
 This 
system is also long lasting because of its LEDs, which can run for thousands of hours without 
needing to be replaced. Even then, the blocks could be rotated from positions of in-frequent use, 
to near-constant use, to even out the wear and tear on the system. Another benefit of using the 
LEDs is the lower amount of heat generated during operation. Since climate control is important 
to encourage the optimum growth, the less this system has to counteract the lights, the more 
efficient the whole growing system will be.
28
 This method of artificially growing plants allows 
for plants to be grown in any location, regardless of sunlight intensity, with the minimal amount 
of energy expended. 
What Growing Food in Space Will Look Like 
 Growing food in space will likely require the plants experience around 1 g of gravity. To 
artificially create this gravity where none exists in space, centrifuge systems can be implemented 
to rotate growing chambers. The system would take up a lot of space, but be essential to the 
survival of the crew, and therefore be included in the spacecraft despite the weight-cost 
associated with it. The smaller growing chambers would be necessary to keep the pressure inside 
them as high as possible while keeping the weight down. Over small distances and areas, a 
material can withstand higher internal pressures than a section of identical thickness over a larger 
area. Should the cabin pressure of the spacecraft be less than atmospheric, these smaller growing 
chambers are a requirement for growing the plants. However, if the cabin is pressurized to 
atmospheric pressures, like the ISS, then the structural integrity of the chambers will only have 
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to account for the centrifugal forces. Lighting for the plants will undoubtedly use the HELIAC 
system, thus keeping the entire growing operation as efficient as possible. 
Water 
 Without water, life cannot exist. Therefore ensuring a continuous supply of fresh water 
for the crew and their plants is imperative to the success of the mission. While there may be 
water on Mars or the Moon, it will not be immediately available for harvesting, and the crew 
must survive on the water they bring with them until these resources can be developed. This 
means that recycling the water is vital.  
The current water recycling process used aboard the ISS is more than 95% efficient.
29
 
The ECLSS (Environmental Control and Life Support System) recovers water from nearly every 
source possible: urine, wastewater from hygiene, and the humidity from the air.
30
 Without the 
ECLSS to reclaim the wastewater, over 40,000 pounds would have to be ferried to the ISS every 
year.
31
 The water aboard the ISS is cleaned in three steps. First debris are removed so the only 
contaminates are in solution within the water. Second, the water passes through a series of 
filtration beds to remove organic and inorganic purities. The final step uses a “catalytic 
oxidization reactor” to kill bacteria and viruses and eliminate volatile organic compounds that 
were not removed in the second stage.
32
 Figure 1 from NASA is a flow chart representation of 
the ECLSS. The blue arrows indicate water flows, with the darker blues indicating wastewater.  
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Figure 1: ECLSS Resource Recycling Flow Chart33 
1.3 Energy Generation 
 The generation of usable energy in space and on other planets is simply a matter of 
adapting the current methods of electrical power generation on Earth to use in space. All of the 
technology already exists and all that is left is selecting the appropriate systems for the location 
and power requirements. Solar and Nuclear power seem to be obvious choices for all 
environments as NASA has used them for space probes and Mars Rovers alike. Wind power 
might be an option for planets like Mars where the wind regularly kicks up large dust storms, and 
therefore must be considered with the others. 
Solar Power 
Solar power has been used on Mars for all the rovers except Curiosity. It has served well 
and nearly all the rovers have exceeded their life expectancies having had all the power they 
need. However, large-scale solar power generation for a sustained human presence on Mars, or 
any other celestial body, is another matter. On Mars specifically, dust storms lasting months can 
blot out enough sunlight that continuous power generation becomes impossible. Past Mars rovers 
have had to go into hibernation and cut down electrical generation in order to last through the 
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storms.
34
 Without power, humans would have a limited time to survive before the failure of 
different life support systems would result in their deaths. Even if there were no major dust 
storms, solar cells loose generation capacity as they age. They also would need to be cleaned 
regularly to maintain optimum power output. The maintenance, large number of cells needed to 
supply the outpost, and the need to make them on Earth and ship them to Mars, makes solar 
power unsuitable for our needs. 
Wind Power 
Wind power would only be viable on a body with an atmosphere, but also needs to have 
high winds to sustain power output. Luckily, the Viking rovers found that the average wind 
speed on Mars is 10 miles per hour; with the maximum in a storm being 60 mph.
35
 This 
maximum wind speed would actually be to much for modern wind turbine blades if the 
atmosphere was as dense as Earth’s.36 However, Mar’s atmosphere is 95% Carbon Dioxide, with 
a density of only 20 grams per cubic meter, or 1.5% the density of Earth’s atmosphere at Sea 
Level.
37
 This lower density makes it nearly impossible for the winds to generate enough force to 
turn the turbine blades, which need more than 10 mph of wind on Earth to turn the generator.
38
 
Therefore wind power is not a viable power source for Mars. 
Nuclear Power 
 Nuclear power remains the only viable source of power for a human outpost on Mars. On 
Earth, Nuclear Power Plants sprawl over large plots of land, and produce more power than could 
ever be used in a Mars base. Nuclear submarine power plants, while smaller, and less powerful, 
are by no means ready for operation on Mars. Reactor design and fissile material enrichment 
levels play a critical role in how large the reactors will be and how much power they will output. 
To use nuclear power generation on Mars, a new reactor design is required. 
Reactor Output 
 Once we determine how much power our base will need, we can establish a rough outline 
for other power plant components like cooling, heat transfer and electric generation. The amount 
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of power is dependent on how many astronauts will live at the base. For a rough calculation, let’s 
assume six. The average American uses 12,000 kWh per year in their house.
39
 Since the Mars 
base will also be raising crops, charging batteries for robots and other support equipment, 25,000 
kWh per year per astronaut is a good round number to use for our estimates. Therefore we will 
need 150,000 kW hours for a crew of six over the course of the year. Averaged out, the 
Astronauts will consume 17.1 kW per hour. Understandably there will be peak demands on the 
reactor, so let us estimate that the power plant needs to be able to output 100 kW to handle these 
and incorporate a reasonable safety buffer during peak and account for future growth of 
operations on Mars. 
 In order to produce 100 kW, there will be a certain amount of inefficiencies that need to 
be accounted for to determine the required thermal output of the reactor. Most of these 
inefficiencies occur in the heat transfer, power generation and cooling systems. Thermal energy 
is dissipated to keep the core from going critical and melting the reactor and is thus important to 
the power plant. The average land nuclear power plant is roughly 33% efficient calculated from 
the thermal output to the electrical output.
40
 This is likely due to its lower Uranium 235 
concentration than a submarine reactor, requiring less effort to properly cool. One type of 
submarine reactor, the S5W was rated at 78 MWth (thermal) but produced only 12.7 MW of 
usable power, giving it a efficiency of 16.2%.
41
 In nuclear submarines, efficiency was sacrificed 
for a size reduction. If we use these numbers to estimate a miniature reactor’s efficiency, ten 
percent would be a reasonable number to use. This means that we would need a reactor rated at 1 
MWth to power our Mars base. 
 This power requirement does not account for any infrastructure built to extract materials 
from Mars and refine them into useable products. While the numbers are difficult to estimate 
with so many unknowns, a standard reactor should be developed and deployed so that increased 
power requirements can be covered by the installation of another reactor. This method is being 
explored on Earth and shows promise in reducing construction and design costs. Additionally, 
standardization of miniature reactors allows for assembly-line style construction of the 
components, offering higher efficiency as well as costs and quality control benefits.
42
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While standardization offers advantages, it also creates room for wasted output should a 
particular demand be significantly under the designed output. Therefore, at least two types of 
reactor designs should be created. One for the relatively moderate 100 kW’s needed by humans 
and their immediate support systems and another for a heavy-industry environment where the 
processes to create useful products from natural resources are energy-intensive.  
Uranium Reactors 
 Nuclear reactors use the Uranium isotope U235 as their fissile material. This isotope 
occurs naturally on Earth as approximately 0.7% of all the Uranium. In order to use it in the 
reactors, the Uranium 235 must be condensed, or enriched to a higher percentage. The standard 
enrichment level for a Land based reactor is three to five percent, but a Nuclear Submarine may 
be anywhere from 20 to 97.3 percent.
43
 The higher the enrichment level, the more compact a 
reactor may be due to the lack of un-necessary mass mixed with the U235 in the reactor core. The 
high enrichment also translates into a longer timespan between refueling the reactor, up to 
approximately 10 years for 90% or higher enrichment.
44
 To reduce the size, the future Mars 
reactors need to be run on highly enriched Uranium.  
 The typical Uranium reactor relies on water for cooling and heat transfer from the core to 
generate electrical power. Figure 2 shows a generic Light Water Uranium Reactor. 
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Figure 2: Light Water Uranium Reactor45 
Water circulates around the core, which is controlled by graphite control rods that can limit the 
fission reaction by absorbing the neutrons needed for the chain reaction. Should the water stop 
circulating, a Fukushima-like accident can occur where the water boils and builds up pressure 
until it explodes and disperses radioactive materials into the atmosphere. The dangers of this type 
of reactor are well known from Three Mile Island and Chernobyl.  
 An important consideration with light water reactors is the radioactive shielding that must 
surround the core to prevent harmful radiation releases. In modern land reactors, hundreds of 
tons of concrete and lead are used to surround the reactor. On Mars we may not be able to ship or 
build the necessary shielding due to the need for extreme density and the large amount needed. 
Thorium Reactors 
In recent years, India has invested heavily in developing Thorium based nuclear reactors, 
with the goal of using Thorium in the place of Uranium for nuclear power generation. Thorium 
232 is only slightly radioactive, non-fissile, and the only naturally occurring isotope of Thorium 
found on Earth. When Thorium 232 absorbs a neutron, it becomes Thorium 233 which beta 
decays into Protactinium 233.  
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This in turn beta decays into Uranium 233, a highly fissile material that the United States 
experimented with making nuclear weapons from in the late 1940s and early 1950s. Because of 
the infrastructure already in place to enrich Uranium 235 concentrations, Uranium 233 went 
largely unused. The United States detonated a Uranium 233 bomb, proving its potential in bomb 
making, but it was less expensive to use existing Uranium 235 and Plutonium 239 production for 
the United States’ nuclear deterrent and energy needs. Thus Thorium and Uranium 233 reactors 
were not developed beyond experimental stages. 
Interest in Thorium reactors was re-invigorated for several reasons. First, it is very easy 
to convert Thorium 232 into Uranium 233, and takes less than a month for the decay process to 
occur. Second, Thorium is four times more common than Uranium on Earth.
46
 Third, Thorium 
232 is the only natural isotope of Thorium and does not have to be enriched to be useful, leading 
to several hundred times more energy output for the initial material and energy investment.
47
 
Finally, the fissile products, or nuclear waste of Uranium 233 fission is entirely stable or non-
radioactive after only 300 years.
48
 Compared to Uranium 235 fission products that stay 
radioactive for several hundred thousand years, Thorium is very attractive for this reason alone.
49
 
Figure 3 shows the reduced material requirements of Thorium reactors compared to Uranium 
reactors. 
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Figure 3: Thorium and Uranium Reactor Waste50 
 Uranium and Thorium reactors are very different in design and operation. Thorium 
reactors are Molten Salt Reactors that contain molten fluoride salts with the fissile materials 
dissolved in it. This makes for easy chemical separation of the salt and any materials in it that is 
required for a sustained fission reaction. Figure 4 shows the basic layout of a Thorium reactor. 
From this you can see that two separate chemical separations of the fissile materials are 
necessary for the sustained reaction. If designed properly, it is possible for a Thorium reactor to 
become electrically self-sufficient, generating enough power to separate the Uranium 233 and 
fissile waste from the reactor salts.  
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Figure 4: Molten Fluoride Thorium Reactor Diagram51 
Radioisotope Thermoelectric Generators 
 The best reactor for use in space depends on the situation and a Uranium or Thorium 
reactor may be too powerful for some applications. Currently, there are several spacecraft, and 
the Curiosity Rover, that utilize a special nuclear power plant called a Radioisotope 
Thermoelectric Generator (RTG). It uses Plutonium-238 dioxide and generates electric power 
from the heat generated by radioactive decay, rather than nuclear fission as in the Uranium and 
Thorium reactors. The heat is converted into electricity by thermocouples. The lack of fission in 
the power plant keeps radiation levels low but does not produce nearly as much heat. Therefore, 
the RTG only puts out approximately 100 watts, but is designed to last over 14 years. There are 
several RTG-powered space probes that have been operating for upwards of 30 years, far 
exceeding the designed lifespan.
52
 This type of power plant would be a good starting point for 
the power plants that will move future robots on Mars. 
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1.4 Using Local Resources 
 For every kilogram of mass that does not need to be taken from Earth, more than 62.6 
million joules of energy do not have to be applied to accelerate it out of Earth’s gravitational 
well. The Curiosity Rover left Earth on a monstrous Atlas V rocket weighing nearly 750,000 
lbs., despite carrying a rover weighting a mere 2,000 lbs.
53
 The total package delivered to the 
Mars weighed just over 8500 lbs., making it 1.1% of the total takeoff weight of the rocket. This 
vast discrepancy between the payload and the rocket required to launch it, incentivizes the 
utilization of resources at the mission destination to help minimize the total mass that needs to be 
launched from Earth. The benefits of tapping available resources are twofold. First, money can 
be saved because only the infrastructure to access the materials needs to be sent. Further resupply 
missions do not need to be considered, saving hundreds of millions per launch that is not needed. 
Second, the human presence is more independent from Earth and has a better chance of surviving 
should they be cut off. This section shall use Mars as an example of where and how the resources 
present throughout the Solar System can be used. 
The Atmosphere 
Mar’s atmosphere is 95% Carbon dioxide, 2.7% Nitrogen, and only 0.13% oxygen.54 The 
abundance of Carbon dioxide gives us a nearly limitless supply of oxygen if the carbon atom can 
be separated. Reacting the CO2 with hydrogen will produce methane, water, and oxygen. 
Methane is useful as rocket fuel, making it possible for astronauts to return to Earth without 
bringing the fuel with them.  
Operations along this line would require a constant supply of hydrogen to continue 
synthesizing useful products from the atmosphere. A source of water on Mars, if plentiful 
enough, could satisfy this requirement after electrolyzation separates the hydrogen atoms from 
the oxygen atom. Otherwise, hydrogen would have to be shipped from Earth, but it could be 
shipped in large quantities. Because hydrogen is the lightest element and compresses easily 
makes it very easy to ship and a smaller launch vehicle could send it on its way to Mars.  
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The Surface 
The Martian surface is also a goldmine for useful resources. The red color of the dust is a 
result of high iron content, and it also contains several other useful metals and elements. Table 1 
lists thirteen elements found in significant quantities directly on the surface of Mars. The data 
comes from four landers all located around Aeolis Mon. Figure 5 shows the proximity of the 
landers.  
 
Figure 5: Landing Sites of Mars Landers near Aeolis Mon55 
The similarities in the data between the four landers make sense due to their close 
proximities. While the material concentrations might differ between this location and other 
points of interest on Mars, they form a reasonable expectation of what will be found. Since the 
material examined to generate this data came from the top layer of dust that is constantly moving 
around the planet in dust storms, it is reasonable to expect the trends shown in this table to be 
similar over the majority of Mars’ surface.  
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Table 1: Percentage of Elements by Mass on Martian Surface56 
Element 
Viking 1 Pathfinder  Opportunity 
(Meridiani 
Planum) 
Spirit    
(Chryse 
Planitia) 
(Ares 
Vallis) 
(Gusev 
crater) 
Average 
Si 22.6 21 20.2 18.4 20.55 
Fe 13.2 14.6 13.8 11.8 13.35 
Al 4.4 4.5 4.69 4.6 4.55 
Ca 4.6 4.8 4.53 4.07 4.50 
Mg 3.3 4.2 4.18 5.02 4.18 
S 2.7 2.2 2.1 3.4 2.60 
Na - 1 1.58 1.88 1.49 
Cl 0.71 0.49 0.47 0.72 0.60 
Ti 0.41 0.55 0.68 0.59 0.56 
P - 0.42 0.32 0.49 0.41 
K 0.22 0.63 0.34 0.28 0.37 
Mn - 0.4 0.27 0.24 0.30 
Cr - 0.16 0.3 0.23 0.23 
 
 These percentages only represent the dusty surface of Mars, not the rock that is 
underneath it and sometimes exposed by the winds. The rock will have different concentrations 
and chemicals, but the materials in the dust are of particular interest to building and supporting a 
human presence on Mars. To extract these materials, the infrastructure will have to be shipped to 
Mars, but the valuable resources produced by them will be invaluable for future Mars and solar 
system exploration and development. The lower gravity on Mars makes it easier to send supplies 
into space. Mars could become the one stop shop for space-travel resources if a robust material 
gathering, refinement and shipping infrastructure can be established on Mars. 
Iron is the second most abundant material and since it is on the surface, makes collection 
simple. Mars rovers found that the majority of the iron, in the form of hematite, is in the first few 
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centimeters of the surface, aiding in collection.
57
 To collect iron, a rover could have an 
electromagnet on its undercarriage and simply drive in a grid pattern and pick up it up. Smelting 
the iron will require different methods than on Earth, primarily due to nuclear power being the 
source of energy, rather than coal or other petroleum products. The waste heat generated by the 
nuclear reactors on Mars could provide the necessary heat energy to smelt the raw iron, but the 
issue of radiation comes into play. To reduce the amount of radiation the metals will receive, a 
dual closed-loop heat transfer system similar to what is shown in Figure 2 could be used. Rather 
than also provide electrical power, the particular reactor used in smelting could simply only 
output thermal energy. This eliminates the efficiency issue of a miniature reactor since it is not 
converting the energy, and simply directing the thermal energy into the ores. 
The other materials that need to be extracted and separated from the surface are not 
magnetic and therefore require a different separation method. Most likely a chemical or 
electrochemical process will be needed to do this and the facilities to do so could be combined 
with the synthesis processes to help streamline the system. One example product that would need 
these processes is fertilizer for the astronauts’ food crops. Nitrogen collected from the 
atmosphere, and the potassium, sulfur, magnesium, calcium, and phosphorus from the surface 
can be combined into a macronutrient fertilizer. Fertilizer is essential to supporting the plants 
that the astronauts will eat, and cannot be absent from the Astronauts supplies. Since all the 
chemicals to create fertilizer are present on the surface of Mars, even if in low concentrations, 
there is no need to constantly ship it from Earth. Eventually the human presence on Mars will 
exceed the ability of Earth to continuously resupply, and the infrastructure will have to be 
deployed to synthesize the fertilizer on Mars, so it makes sense to develop such infrastructure in 
preparation for the first human landing.  
 The surface of Mars is a resource in and of its-self and offers different advantages 
depending on where the living quarters for the astronauts are located. To help shield them from 
radiation, their living quarters and the growing chambers for their food, will be located 
underground. If they were near volcanoes like Mt. Olympus, they could utilize empty lava tubes 
to quickly retreat under the surface. A more likely scenario however is for the astronauts to be 
investigating old river and lakebeds where sedimentary rock is more prevalent. This rock is 
much softer than the igneous rock found elsewhere on Mars and therefore easier to dig into. 
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1.5 Spacecraft Propulsion 
An important aspect of space exploration is how to affect the trajectories of objects in 
space. The methods of space propulsion differ from those used terrestrially and are governed by 
a different equation of motion and a different set of considerations unique to space travel.  
Basic Motion Equation 
The basic governing equation of propellant based space propulsions can be derived from 
the momentum continuity equation based on the Reynolds transport theorem, ∑  
 
  
∭     ∬        58. In this equation: 
Σ F Total force due to the momentum continuity 
ρ Density of the flow matter 
V Velocity relative to the control volume 
  Control volume 
A Control surface 
  
In the following case it will be assumed that the subject is a one outlet, steady system in 
which the flow matter (if a fluid) is perfectly expanded to ambient pressure (0 Pa). It is also 
assumed that there are no outside electromagnetic forces, no significant gravitational forces, and 
viscous forces will be neglected ( 
  
  
≈0 and 
  
  
  ). The one outlet assumption is justified in 
that the mass entering the flow can be seen as entering from a large reservoir, in which the 
velocity is ≈0. The system can be regarded as steady since the effects of any small, brief 
deviations will be negligible over the long operation of a propulsion device. The assumption that 
the flow is expended to ambient pressure at exit is reasonable since the pressure of space is 
constant, so such a design is a reasonable possibility. The outside electromagnetic and 
gravitational assumptions are also reasonable as these are unlikely to vary over the length of the 
propulsion system. Finally the viscous assumption will induce error, but it is used for simplicities 
sake.    
 First the previous equation is expanded to: 
                                                 
 
  
∭     ∬         
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Using the above assumptions to drop terms leaves: 
             ∬          
Using the area invariance assumption from above and the single outlet assumption results in 
               
   
where ρ, V, and A are exit conditions. However ρVA can be defined as ̇ , so 
              ̇   
But,  
                         
so it follows that  
                ̇ .  
It must now be noted that the mass of the craft is time dependent even if the flow is steady, so 
                      ,  
where       is the total mass of the craft (hull and propellant) and        is the total propellant 
mass that has been expelled by the propulsion system. Now  
  ̇  
        
  
,  
so therefore  
          ̇ ∫   
  
  
.  
So  
                ̇ ∫   
  
  
         ̇       .  
If it is then stated that  
            
Where t is the thrust time, then  
                ̇ .  
Now going back to the momentum continuity section of the equation and substituting in 
for      , 
          ̇           ̇  (Eq. 1). 
In studying propulsions the focus will be on the right half of the equation,   ̇ , which is 
equal in magnitude to the thrust force on the spacecraft. These two parameters, the mass flow 
rate    ̇ , and the propellant velocity (V), can be used to evaluate the advantages and 
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disadvantages of propulsion methods. The advantage of a high V is that more energy is imparted 
per propellant mass, meaning that in a situation where propellant mass is limited, such as long 
distance missions, more total energy can be imparted. High V systems tend to have very low  ̇ 
however, giving them low thrust. Many high ̇  technologies have high thrust, but low V, making 
them mass inefficient and suitable for short missions. These conclusions will now be used to 
investigate several propulsion methods. 
Types of Propulsion 
 There are several different types of propulsion, which use a wide variety of fuels and take 
advantage of different material properties. In this section we examine commonly used and 
theorized propulsion systems 
Chemical Rockets 
Chemical rockets are a very common (if not the most common) form of propulsion in 
space. Their thrust comes from the burning of a propellant at “elevated pressure”59. The high 
pressure gases flow out of the end of the rocket due to the pressure differential, and are 
accelerated to supersonic speeds by virtue of a converging diverging nozzle, providing the ̇   60   
Due to its high rate of mass expulsion (13000 kg/s for the Saturn V)
61
 a chemical rocket provides 
a high thrust (34.5 MN in the case of the Saturn V)
62
, allowing a craft to accelerate very quickly. 
But do to the relatively low V (3000 to 4000 m/s)
63
 of the rocket, the maximum velocity that can 
be achieved before its fuel is depleted is rather low because the rocket imparts less energy to its 
propellant than other propulsion types. These qualities make a rocket good for situations in 
which rapid velocity change is necessary (such as lift-off), but not for long-term propulsion. A 
more propellant-mass efficient solution is required. In regards to that necessity there are several 
options including ion propulsion, micro-fusion propulsion, and solar sails.  
Ion Propulsion 
Of the three technologies listed, ion propulsion has had the most mission application. An 
ion engine works by expelling high velocity ions out of the rear of the craft, working on the same 
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dynamic principles as the chemical rocket. In an ion engine a gas, usually an inert gas such as 
Xenon
64
, is ionized either by being bombarded by high-energy electrons which knock valance 
electrons free from the gas creating a positive ion (electron bombardment method), or by the 
electron cyclotron resonance method which thermally excites electrons in a gas by virtue of 
microwaves and magnetic fields.
65
 Once ionized, the gas is accelerated out of the engine by 
electrostatic forces. These forces come from two electrode grids and are described by the 
following equation: 
     
    
  
  66 and can be integrated to find the ion momentum: 
         ∫   
 
  
   ∫   
 
  
   ∫   
 
 
        
Where:  
K 8.99x10
9 
Nm
2
/C
2
 
q1 Ion charge 
q2 Electrode charge 
r Distance between ion and electrode 
  
A positively charged grid at the beginning of the flow chamber repels the positively 
charged ions toward a charged electrode grid at the end, which attracts and further accelerates 
them. This last electron grid also acts as an aperture, focusing the ions into a beam, much like a 
nozzle on a rocket.
67
 The high velocity ions leaving the engine supply the   ̇   
Ion engine propulsion carries many advantages with it. Due to the high velocity of the 
expelled ions, an ion engine can allow a craft to reach tremendous speeds over the course of their 
operation, theoretically up to 90,000 m/s.
68
 Ion propulsion is also a reliable and well proven 
technology, having been in use since 1964 and having powered craft such as Deep Space 1, 
which ran for over 16,246 hours with 200 restarts
69
, and only using the 2100W of power supplied 
by two solar arrays.
70
 Ion propulsion does carry a disadvantage though. Due to its very low mass 
flow (only 3.25 mg/s in the case of the Dawn spacecraft’s thruster)71 the total thrust applied to 
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the craft by the ion engine is very low (a mere 0.5 N for some modern engines).
72
 This means the 
acceleration of the craft will be very low, greatly lengthening the time before a high velocity can 
be achieved. Therefore an ion thruster will only prove truly useful in long distance or long 
duration missions.  
Future ion propulsion technology promises higher performance however. Several projects 
are currently in progress and promise to offer higher thrust ion propulsion. The High Power 
Electric Propulsion project has developed a 40 kW engine (19 times greater than the engine used 
by Deep Space 1) with a propellant velocity of over 90,000 m/s.
73
 Some proposed 200 kW 
configurations (95 times greater than the engine used by Deep Space 1) boast thrusts up to 18 N, 
propellant velocities of 40,000 m/s or higher, and still with a low mass flow rate (between 100 
and 1200 mg/s). Most importantly they will have efficiencies around 60%, with estimates as high 
as 85% for some configurations.
74
 If these technologies can come to fruition then ion propulsion 
may offer a feasible solution for situations where propellant mass is at a premium and time is a 
small factor. 
Micro-Fusion Thruster (Chapman Fusion Thrusters) 
A more technologically complex propulsions system is micro-fusion propulsion. This 
technology relies on “micro-scale triggering” of fusion reactions75, reactions that can be 
triggered using available high-energy lasers. One of the most promising of these concepts is the 
one proposed NASA engineer John J. Chapman using a P-Boron
11
 fusion reaction.  
The basic concept of this system is thus:  “A beam with energy on the order of 2 x 
10
18
 watts per square centimeter, pulse frequencies up to 75 megahertz, and wavelengths 
between 1 and 10 micrometers is aimed at a two-layer, 20-centimeter-diameter target” consisting 
of a layer of metal foil and a layer of Boron
11
.
76
 “The electric field (caused by the laser) releases 
a shower of highly energetic electrons from the foil, leaving behind a tremendous net positive 
charge. The result is a massive self-repulsive force between the protons that causes the metal to 
explode. The explosion accelerates protons in the direction of the target’s second layer, a film of 
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Boron-11.”77 The protons fuse with the Boron11 to form Carbon12 atoms, each of which then 
decomposes into a high-energy Helium
4
 atom and a Beryllium
8
 atom, which then decays into 
two more Helium
4
 atoms. The three Helium
4
 atoms (alpha particles) carry a combined kinetic 
energy of 8.7 MeV.
78
 This reaction is described by the following equation:  
p + 
11
B  3 4He + (8.7 MeV)79 
The Helium atoms carry with them a momentum, accelerating the craft.
80
 Over the extended 
period that such a thruster could be expected to run (due to its low ̇ ) this will add up to a large 
final dv.  
Like the ion engine, the Chapman fusion thruster has both advantages and disadvantages. 
One advantage is that like the ion engine it can deliver its high V thrust over long periods of 
time, allowing it to reach very high velocities. Chapman claims that the technology could be “40 
times as efficient as even the best of today’s ionic propulsion systems”.81 It also has a number of 
benefits over other types of fusion reactions. It is an aneutronic reaction unlike Deuterium-
Tritium reactions, meaning that no more than 1% of the energy produced is in the form of high-
energy neutrons.
82
 This means far less radiation shielding is necessary, reducing the overall mass 
of the craft. Another benefit is the abundance of Boron
11
 over its aneutronic competitor, He
3
. 
Boron
11
 is relatively abundant on Earth while He
3
 is only available through artificial synthesis or 
must be mined from the Moon or Jupiter (having abundances there of about 10 PPB).
83
 The p-
Boron
11
 thruster also carries a similar disadvantage as the ion engine in its low acceleration. It 
also has the problem of greater complexity, meaning that many more obstacles must be 
overcome before its implementation, and that there is more to go wrong during operation. 
Solar Sails 
Solar sails by contrast present a low complexity form of continuous thrust for spacecraft, 
and unlike the previous methods are completely propellant-less. The basic concept is to convert 
the kinetic energy of photons emitted by the Sun into a thrust force on the spacecraft. Photons 
have kinetic energy and momentum as per the theory of relativity. When striking the highly 
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reflective surface of the solar sail the photon transfers some of its kinetic energy into the sail.
84
 
For a perfect mirror this kinetic energy is doubled relative to the spacecraft as a perfect mirror 
would cause the photon to leave the sail with its original velocity, and at 180 degrees relative to 
its original trajectory. This results in the following equation for conservation of energy in the 
system:  
                           
Where KEP is the kinetic energy of the proton and dKEC is the change in the kinetic energy of the 
craft.  A more general equation, where the surface is not a perfect mirror (the photon leaves at an 
angle relative to the axis of movement of the craft) is thus:  
                                                   
Where ϴ1 is the angle between the craft’s angle of movement and the incoming trajectory of the 
photon and ϴ2 is the angle between the craft’s angle of movement and the outgoing trajectory of 
the photon. It should also be noted that the momentum of a photon must be divided by c 
(3x10
8
m/s) in order to be scaled.
85
  
The force exerted on the sail by the photons can more easily be described by the solar 
radiation pressure, or SRP. This quantity can be described by the following equation:  
       
  
 
  
  
 
   N/m2 86Where: 
r Distance of the craft from the Sun  
S0 Solar constant (1368 W/m
2
) 
c Speed of light (3x10
8
 m/s) 
r0 1 AU 
  
The above equation can then be used to find the force on an ideal sail: 
                      
    
Where β is the angle between a line from the Sun and the normal vector, n, to the sail surface. 87 
In order to get an idea of the magnitude of the solar radiation pressure force, an ideal case 
is taken where the sail normal vector is parallel to the Sun, at 1 Earth radius from the Sun (1 
AU), and with an ideal sail surface of 400m
2
 surface. The force on the sail is then 
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If Newton’s third law of motion is then applied to the system, then:  
           . Using      it follows that:  
       
    
      
  
It should be noted that since r is a function of time, so is FSRP. This of course means that 
       is a function of time and should be treated as such. Further complicating things is that r is 
also dependent on the velocity of the craft which is equal to ∫            This means that real 
world calculations of a solar sail equipped craft will be at a difficult level. 
With the physics of the sails covered, now the material and design aspects shall be 
covered. The main component of the system is of course the sail material. The main sail material 
must provide the sail with a good deal of strength despite being thin, and must be lightweight. 
Several materials could be used, including Mylar, Kapton, and polyethylene-naphthalate.
88
 The 
sail material is also coated to increase its reflectivity. The cover materials include aluminum and 
chromium, chosen for their particular emissivity.
89
 Booms and a mast must support the sail, 
which connect it to the craft. Like the sail material these must be constructed from materials, 
which are both very strong and low mass. For this reason carbon composites are often chosen.
90
 
Like the other two propulsion methods, solar sails have their strengths and weaknesses. 
The sails strengths lie in its simplicity, and the fact that it requires no onboard energy source or 
propellant. It can continue to provide thrust as long as there is a solar radiation pressure acting 
upon it. There are some problems however. The solar radiation pressure is a function of the 
craft’s distance from the Sun, and therefore so is the thrust from the solar sail. In order to gain a 
large    the craft will have to execute a close fly-by trajectory to the Sun, exposing it and its 
cargo and occupants to high levels of solar radiation. A final problem is due to debris. Any 
debris that impacts the sail will likely damage it, leaving the sail very quickly full of holes.  
Asteroid Unique Propulsion 
In addition there are two other possibilities unique to asteroids could be used. These are 
nuclear detonations and mass drivers. 
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 The first of the unique methods is the use of nuclear weapons to create “standoff” nuclear 
detonations.
91
 This method involves detonating the warhead a distance (      , where h is the 
distance and R is the radius of the asteroid), from the asteroid, showering it with high-energy 
neutrons.
92
 The now irradiated section of the asteroid should begin to heat up, and this will cause 
pressure between the irradiated section and the section below it. This will eventually cause the 
irradiated section to be blown away from the rest of the asteroid with a velocity V, resulting in a 
   in the opposite direction for the asteroid, as per (Eq.1).93 The change in internal energy in the 
irradiated section can be calculated to be  
              
       where94: 
ΔE change in internal energy in the irradiated section 
fmax efficiency factor for the radiation dose (0.3) 
e total radiation released per total energy (0.3) 
4x10
19
 total number of ergs per kiloton yield (1 erg = 10
-7
 J )                          
  
From there the resulting pressure induced by this change in energy is 
        , where95: 
ΔP change in pressure in the irradiated shell 
γ Gruneisen ration (≈1) 
ρ density of the asteroid (2g/cm3) 
  
Finally the resultant change in velocity of the asteroid is  
           ,  
Where
     is the resultant change in velocity of the object, and    is the compression wave 
velocity, assumed to be about 2 km/s. The resulting      for a 1 km diameter object is 11x10
-3
 
cm/s per kiloton of yield.
96
   
 The use of nuclear detonations to provide propulsion is fairly simple to implement 
technology-wise, but is extremely inefficient. Only 9 percent of the energy released by the 
explosion will make it to the target, requiring high-yield megaton-class weapons to be deployed 
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into space
97
. Using this method creates a large number of high-energy debris that would be 
difficult to track, creating a risk they may strike Earth or space assets. The political and safety 
issues that these weapons will create are more than enough to stop the use of nuclear devices as 
propulsion for normal space missions. In a time of crisis, however, this method may prove to be 
a last-resort option that could prevent an impact. 
 The second of the unique methods is the use of mass drivers. Mass drivers (also known 
colloquially as “rail guns”) use a number of “sequentially energized” linearly positioned 
electromagnets to accelerate a ferrous object or a non-ferrous object encapsulated in a ferrous 
sabot.
98
 In this method the mass drivers are used to accelerate packages of material mined from 
the asteroid, firing them away with a large velocity.
99
 This ejected material will serve to cause a 
velocity change on the asteroid opposite the direction in which the material packages were fired. 
In one study by John Olds, the proposed shot velocities ranged from 150 m/s to 750 m/s, and the 
shot masses between 0.15 kg and 1 kg, and with shot frequencies up to 3 shot/min.
100
 
 The advantages of the rail gun option compared to using nuclear weapons are that it is 
more controlled and can therefore be used to impart a precise ΔV on the asteroid. In the case of 
using the asteroid for transport, the mass driver option has the advantage that the mined material 
from the drilling on the asteroid could possibly be fired by the mass drivers. However this 
method, like the other propulsive methods, has challenges. The mass driver option requires that 
the necessary equipment be designed, built, and mobilized, and that it will require advances in 
technology, including artificial intelligence, and energy (will require nuclear power plant, either 
fission, or if it is developed, fusion).
101
 A final problem is the proliferation of high speed masses 
in the solar system, like the nuclear method. In the case of the mass drivers, however, the masses 
are to be small (less than 1 kilogram per shot)
102
 giving them a negligible risk. Whether putting 
the resources into developing the mass driver solution will prove to be worth the effort remains 
to be seen. 
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Choosing a Propulsion Method 
Ultimately what propulsion method should be used in a given circumstance will depend 
on a number of factors. If propellant mass is limited, a method with a high V will be necessary. 
But how much thrust will be needed, and how energy efficient a solution must be must also be 
considered. So choosing a method will be highly dependent on the situation, and will require a 
balance in order to meet the parameters demanded by the circumstance.  
1.6 Space Robotics 
 Human survival in space is currently dependent on the close proximity of Earth and the 
tools and resources it supplies. On Mars, or elsewhere in the solar system Earth is no longer a 
resource that humans can solely rely on to survive. Instead, they need utilize local resources and 
develop local infrastructure to survive. There is no way for a crew of six or so astronauts to 
maintain their structures, gather resources, perform scientific experiments, and get enough rest. 
Developing a suite of robotic aids to perform the jobs that strictly do not require a human will 
allow the astronauts to perform scientific experiments and focus on the maintenance tasks that 
absolutely require a human. It is the robotics that can make or break a manned space mission. In 
this section, we will examine the current space robots and the cutting edge advancements on 
Earth, to gather the important design points that need to be addressed. Despite a strong focus on 
developing robots for Mars operations, the lessons learned can be applied for robots anywhere in 
the solar system. 
Moving Around Mars 
 One of the biggest upcoming developments for future robots will need to be how quickly 
they can more over uneven terrain. Whether on an asteroid, or on a planet, the surface the robots 
can move on affects how useful they are, and what functions they can perform. In the first 21 
months that the MER (Mars Exploration Rovers) rovers, Spirit and Opportunity were on Mars, 
they traveled a combined 10 kilometers.
103
 The surface of Mars can range from a smooth dusty 
plane, to a minefield of rock debris like found on the plains of Meridiani, to rocky outcroppings 
similar to those found on Earth, all of which make navigation and movement problematic. The 
speed that the MER rovers were capable of was largely dependent upon the complexity of the 
terrain. In debris-filled terrain, the MER rovers could only travel at a maximum speeds up to 10 
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meters per hour, often times less as they struggled to navigate. In safer terrain, they could 
average 36 meters per hour. In a sprint, they could reach 124 meters per hour.
104
 This data is not 
precise as it relies on odometers in the wheels that can slip as more power is applied to them 
under sprint conditions. On a sandy surface this problem is more pronounced, as the surface is 
more prone to slipping under the higher torque. One of the largest contributions to the speed the 
rovers can travel at is how they navigate their way across the terrain. 
Navigating on Mars 
 Mars rovers use Directed and Autonomous Driving to navigate the surface of Mars. The 
first method is, as it sounds, reliant on commands from controllers on Earth to know where to 
drive. In this mode, the rover’s camera lets the operators plan out a route around the obstacles, 
based on images sent by the rover. This method is time consuming, due to the communication 
delay between Earth and Mars, as well as the time it takes to plot a course, but for benign terrain, 
this mode is preferable, because the rover can be directed to travel straight for several hours or 
days. On the other hand, in highly cluttered terrain, this method takes longer due to a higher 
frequency of images that need to be taken for analysis and the subsequent communication delays. 
Autonomous Driving lets the rover choose it’s own path, by processing images and 
detecting hazards that need to be avoided. The maximum speed attainable in this drive mode is 
only 10 meters per hour in rough terrain, but the rover does not need any communication with 
Earth to perform this. The maximum distance that the rover can travel in-between images is 60 
cm in straight-line travel, or 15 degrees in a turn before the images do not overlap sufficiently to 
determine the actual motion of the rover.
105
 In the Autonomous Driving mode, onboard 
computing power is key in how quickly the images can be analyzed and the rover can re-
calculate its route. In this area, the Curiosity Rover is superior to its predecessors as its computer 
is 10 times faster than the Spirit and Opportunity rovers.
106
 When analysis of Curiosity’s 
autonomous driving is published, an improvement over the MER rovers should be expected. 
Space Computers 
 In space, and on Mars, robotic aids to human crews need to be highly independent, and 
therefore all of the resource gathering and infrastructure operating robots should be primarily 
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autonomous. This means that they must have significant computing power to allow high-speed 
travel across Mars. Unfortunately it isn’t all that easy to build a computer that can work in a 
high-radiation environment like space or the surface of Mars.  
 Curiosity’s two BAE Systems RAD750 computers are based on the IBM PowerPC 750 
chip, first commercially used in 1997 in Apple Computers. The RAD 750 was radiation hardened 
and first sold in 2001 for use in spacecraft and satellites. It was first launched aboard Deep 
Impact in 2005, and operating at 200Mhz, or one twelfth of the speed of an average PC today.
107
 
The cost of one RAD 750 computer can range from $200,000 to $500,000 depending on the 
hardware accompanying it, but is well worth the cost as it is all spent on hardening the chip.
108
 
 The problem radiation presents to computer chips is in how the chips store information. 
Flipping a bit, between positive and negative electrical charge corresponds to a change between a 
one and zero in binary. When charged particles hit the chip, it has the potential to flip a bit, 
creating errors in the data being transferred.
109
 If enough charged particles hit the chip over its 
lifespan, or in one large dose, the chip can be completely compromised. Additionally, if the chip 
has a high density of bits like in modern computers, a single charged particle has the potential to 
flip multiple bits at once, compounding the problem. To counteract these effects, the RAD750 is 
a low bit density chip decreasing the chance of multiple bit flips, and it also has built in 
lightening rods which help deflect the incoming particles away from the sensitive portions of the 
chip. The RAD 750 is so well protected that it is expected to survive 15 years on Mars without 
an incident that requires intervention from Earth to recover.
110
 Computers based on the lessons 
learned from the RAD 750 chips will power the robots of the future on Mars and across the solar 
system. 
Improved Mobility Across Difficult Terrain 
 From the latest robotic humanoid arms controlled by the human mind, to quadruped 
robots that can autonomously navigate nearly any terrain available on Earth, the future of 
robotics is quickly changing. By analyzing the newest robots and identifying features that will 
enable success in space, we can formulate a picture of what these robots will look like and what 
they will be capable of. 
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LS3 Quadruped Autonomous Robot 
DARPA (Defense Advanced Research Project Agency) is currently working on a robotic 
pack mule capable of operation in virtually any terrain that a soldier can traverse. The Legged 
Squad Support System (LS3) is designed to walk on four legs, and carry up to 400 pounds.
111
 Of 
its 69 sensors, more than 50 are dedicated to movement and balancing the robot as it lifts its 
legs.
112
 Should the LS3 tip over, it is capable of self-recovery and can continue on. The 
remaining sensors revolve around its navigational system, which uses LIDAR (Light Detection 
And Ranging) to detect objects with laser lights.
113
 By painting the target area with a laser and 
picking up the returns, much like radar, the LS3 can create a 3-D image of its path and navigate a 
way through it. This navigation can be done autonomously and the LS3 can travel at one to three 
miles per hour even in the toughest terrain.
114
 Another interesting aspect of LS3 is the computer 
of its prototype. Big Dog used an impact-hardened PC104 stack specialized for data collection 
with a Pentium CPU.
115
 The PC104 was standardized in 1992 by the IEEE (Institute of Electrical 
and Electronic Engineering), and despite its age, offers several advantages including low power 
consumption and a compact, sturdy design. 
The rugged design and the older computer cores make the LS3 an attractive starting point 
for developing a multi-purpose Mars robot. LS3’s four legs offer it superior maneuverability and 
ground clearance compared to the MER and Curiosity Rovers. This, combined with its LIDAR 
navigation, is a step towards high-speed autonomous robotic travel on Mars. Additionally, the 
ability to operate the entire system on older chip designs makes the adaptation of radiation-
hardened computers somewhat easier as their processing capabilities are roughly equivalent. 
Rover Design 
 The legged propulsion of LS3 and the other research DARPA is conducting into legged 
robots in conjunction with the LS3, shows that legged robots have the potential for high-speed 
travel over terrain that wheeled robots would not be capable of traversing. This capability is 
highly attractive on Mars where there are debris fields on the surface that can be all but 
impassible for wheeled rovers. Since LS3 is designed to shield the vulnerable systems and 
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mechanics from foreign objects, there is very little that would impede its performance. While a 
loose surface like the dust on Mars could collapse under the high point load of a robot’s foot, the 
issue can be avoided by increasing the area of each foot so that the pressure on the surface would 
decrease. Legged robotic propulsion seems like a great way to navigate the terrain on Mars, but it 
has its disadvantages. One of the major drawbacks of legged propulsion is the efficiency of the 
system that affects the robot’s endurance. The LS3 currently has a maximum range of 32 
kilometers and can operate for 24 hours before it needs resupply.
116
 While a legged design is 
worth the tradeoffs in order to cover difficult terrain, over the long term, wheeled rovers will be 
needed to explore Mars.  
 The largest limitation for wheeled rovers is the debris scattered on the surface. As it has 
been discussed the more objects that need to be detected and avoided, decrease speed and 
increase the load on the computer. In order for wheeled robots to overcome these obstacles they 
must be larger. The Curiosity rover is a perfect example of the importance of size of a wheeled 
rover. Figure 6 shows mock-ups of the Spirit, Sojourner, and Curiosity rovers. 
 
Figure 6: A Comparison of (left to right) Spirit, Sojourner, and Curiosity Rover Mock-ups117 
 The size difference between the three rovers makes it obvious that the Curiosity Rover 
won’t have to avoid obstacles several times the size of the Sojourner rover. It is this trend of 
increasing size that must continue to provide astronauts with wheeled robots capable of 
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performing a wide variety of tasks from scientific data collection to construction of structures for 
the astronauts to live in. 
1.7 Space Radiation 
 Space radiation is a broad subject. This section will begin to discuss origins of such 
radiation as well as radiation types that would be experienced by a vehicle or crew leaving the 
Earth and going to a low Earth orbit or into interplanetary travel. This subject is difficult to fully 
understand due to its difficulty in measurement. One main issue that is constantly changing and 
being addressed in the space industry is measuring and understanding this radiation. However 
even with this difficulty much has been uncovered. The first main issue to be dissected is the 
origin of space radiation.
118
 
 Space radiation comes from three main sources. These sources are galactic cosmic rays 
(GCRs) from beyond the solar system, radiation trapped by the Earth’s geomagnetic field 
making up the Earth’s radiation belts (ERB’s), and solar particle events (SPEs) that occur during 
rare but intense solar flares and coronal mass ejections (CMEs). These three main sources are 
depicted in Figure 17. A small usually ignored 4
th
 source is known as secondary particles and 
occurs when GCRs react with the Earth’s atmosphere causing some of those particles to rise 
back up towards space. This fourth source has low energy and is extremely small thus not 
normally considered.
119
 
 The contribution of each of these sources is highly dependent on a large range of factors. 
These factors include but are not limited to; altitude and inclination and other orbital parameters, 
orientation of the spacecraft relative to the Earth and sun, and the sun’s solar cycle. For a 
spacecraft planning to travel between planets, these contributions also will differ as it leaves the 
Earth’s protective magnetic fields. Another important observation is that when radiation comes 
in contact with the structural make-up of the space vehicle it can cause reactions producing 
secondary particles before reaching the interior of the vehicle. Thus humans within the interior 
would not only have primary particle radiation but possibly secondary particles as well.
120
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Galactic Cosmic Rays 
GCRs originate from sources outside the solar system. The energies of GCR particles 
ranges from several tens up to 10
9
 MeV and within the solar system have a peak of around 
1GeV. The GCR spectrum consists of 98% protons and heavier ions (known as the baryon 
component) and 2% electrons and positrons (lepton component). The baryon component is 
composed of 87% protons, 12% helium ions (alpha particles) and the remaining 1% heavy ions 
ranging charge of 3(Li)-92(U). Highly energetic particles in the heavy ion component (HZE 
particles) are extremely important. This is because HZE particles possess high linear energy 
transfer (LET). LET is a measure of the energy transferred to a material as an ionizing particle 
travels through it. Therefore most HZE particles have high LET making them highly penetrating 
and making them a serious threat to cause radiobiological damage. It is also important to point 
out here that the incoming fluxes of GCRs with energy below 1 GeV are affected by the sun’s 
11-year solar cycle. Therefore the GCR flux entering the solar system interacts with the solar 
wind and is partially attenuated. This attenuation is greatest during the solar maximum, when the 
solar wind is most intense. Oppositely GCR flux is greatest during the solar minimum when the 
decreased solar wind produces less attenuation. The GCR flux dependency on the solar cycle has 
great importance for space travel, as knowing the solar cycle will not only affect solar wind 
radiation, SPEs, but also GCR flux. GCRs are also affected by the Earth’s magnetic field. 
Particles follow the magnetic field lines, therefore near the equator GCRs are deflected away. 
However near the poles the field lines point inward funneling GCR particles toward the poles. 
This GCR radiation can then get trapped in the Earth’s magnetic field lines creating ERB’s.121 
Earth’s Radiation Belts 
Earth’s Radiation belts more formerly known as the Van Allen belts are located within 
Earth’s magnetic field. The Van Allen belts are made up of two regions or belts. The inner belt 
ranges from about 1.2 to 2.4 Earth radii. The outer belt ranges from around 2.8 to 12 Earth radii. 
The gap between these two belts is referred to as the slot region. The slot region is also where 
most of the world’s communication satellites orbit. The inner zone consists of electrons with 
energies less than 5 MeV and protons. The trapped protons occur in the inner zone and decrease 
in intensity as a function of distance from Earth. Proton energies range around several hundred 
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MeV usually between 150 and 250 MeV. The outer belt consists of only lighter electrons. 
Electrons in this belt range in energies from 5 to 7 MeV.
122
 
 The motion of particles within these belts is extremely complicated is still not fully 
understood. The best description of the motion is explained as a superposition of three separate 
motions. The magnetic force acting at right angles to the particle velocity and magnetic field 
produces the first motion. This causes particles to perform a rapid spiral about magnetic field 
lines. The second motion is a north-south motion between the poles, the change in magnetic field 
strength as this occurs causes a bouncing motion between the inner and outer part of the region 
of the Van Allen belt. The third motion is an east-west drift, electrons tend to slowly drift 
eastward around the Earth, and protons drift westward around the Earth. The summation of these 
three motions makeup the complex particle motion with in the Van Allen belts. 
123
 
One other important area of note within the Van Allen belts is the South Atlantic 
Anomaly or SAA. The Earth’s magnetic field axis is displaced from the Earth’s axis of rotation 
this is believed to be the reason for the development of the SAA. The south Atlantic anomaly 
occurs in the south Atlantic off the coast of southern Brazil. Since its discovery in 1958 the SAA 
has grown larger and moved position slightly. The southern limit of the SAA has remained 
relatively constant while it had expanded in northwest, north-northeast and east directions. It 
currently ranges from -50° to 0° latitude and -90° to +40° longitude. The highest intensity 
portion of the SAA drifts to the west at a speed of about 0.3 degrees a year. This is believed to be 
explained by the rotation differential between the Earth’s core and its surface estimated at around 
0.3 degrees a year as well. This region known as the SAA is an area where the Earth’s magnetic 
field drops in altitude unusually close to the Earth’s surface. The trapped protons within the inner 
Van Allen belt are able to dip closer to the Earth intersecting low altitude orbits such as shuttle 
orbits and the ISS.  Thus the SAA is important to consider for human space exploration. 
124
 
The Van Allen belts are complicated and much is still unknown about them. This year, in 
August, NASA launched twin satellites special manufactured to withstand high radiation. The 
satellites are planned to traverse the Van Allen belts gaining valuable data as to the composition 
and energy within the belts. The satellites will hopefully allow us to learn more about this region 
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and better understand it for future space missions.
125
 Other important notes on the Van Allen 
belts pertain to their reactions to solar events. The Van Allen belts reside within the Earth’s 
magnetic field lines, thus when the Earth’s magnetic field is bombarded and stretched or strained 
the Van Allen belts will sag towards Earth, stretch, and strain respectively in response to space 
weather.
126
 The last and final point of mention pertains to several theories in which the Van 
Allen belts could be drained of their energized particles. One such theory involves sending 
special equipped satellites into the Van Allen belts with tethers extending form the satellite. 
These tethers would be highly electrically charged causing particles to deflect away both into the 
atmosphere and dissipating and out of the Earth’s magnetic field. Simulations show the inner 
Van Allen belt could be drained in a span of 2 months. However many critics have problems 
with this theory, one of which pertains to deflecting high energy protons and ions in unknown 
trajectories possibly to Earth’s surface. Although this is a theory with many issues it is an 
interesting idea none-the-less.  
Solar Particle Events 
The Third major radiation contribution in space comes from solar particle events (SPEs). 
Solar particle events occur from solar flares and coronal mass ejections (CMEs). These are rare 
however but are dependent upon the sun’s 11-year solar cycle. These events can launch particles 
including electrons, protons and heavier charged particles including iron. The most concerning of 
these are the protons due to their abundance and high energy.
127
 
One type of SPEs are impulsive flares. These are short-lived usually in the magnitude of 
hours. The radiation type from these events is usually large fluxes of electrons. The magnitude of 
these fluxes is in the range of 10
7
 to 10
8
 particles per cm
2
.  These events are also limited in area 
restricted between a 30° to 45° angle in solar longitude. This is illustrated in Figure 16. Of the 
two types of SPEs this is the less dangerous.
128
 
The second type of SPE is a coronal mass ejection (CME). CMEs are much longer-lived 
than flares, lasting for days. They are also characterized by much larger fluxes of protons. The 
magnitude of these fluxes is in the range of 10
9
 particles per cm
2 
and larger. Also CMEs are 
much broader, as in they can extend from 60° to as much as 180° in solar longitude as shown in 
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Figure 16. CMEs also produce an interplanetary shockwave. This shockwave causes strain when 
it hits the Earth’s magnetic field allowing radiation to penetrate farther into the magnetic field. 
This makes CME much more dangerous to Earth as well as satellites and interplanetary travel. 
These would be extremely dangerous to interplanetary travel due to the wide range of solar 
longitude, which a CME can cover. Therefore the sun’s 11-year solar cycle will be very 
important to consider when planning any sort of interplanetary travel. 
129
 
Magnetic Fields and Radiation Belts of Other Planets 
 One important question to examine after the discovery of the Earth’s Van Allen belts is, 
do other planets have similar belts? The difficulty with this question is that we still do not fully 
understand our own belts, and much of what we do know is due to the proximity of the belts to 
our planet and how great an effect they have on it. Examining planets far away with anything 
other than spectral telescopes takes large-scale long-term space missions. However there is much 
we do nonetheless. Below is an important table to be examined and discussed. The first area on 
the table is the magnetic field comparison column. Notice that Mars, Pluto and Venus both do 
not have a magnetic field and Mercury’s is so small and thin it is often neglected as not having 
one. Other than these, all other planets have a field larger than the Earth’s. Now there are many 
factors that contribute to a planet having a magnetic field. When it comes to the Earth the 
magnetic field is generated due to the molten iron core rotating and creating friction with the 
Earth’s crust. This explains mar’s lack of magnetic field for its core has solidified and no longer 
rotates. However this does not explain Mercury of Venus for they have much higher 
temperatures and thereby should have active cores. This can be explained by examining the 
rotation column of the table. Both Mercury and Venus have extremely slow rotation. Along with 
Pluto are in the magnitude of days, many days in the case of Venus. The extremely slow rotation 
by the two inner planets means that their cores would also be rotating very slow, likely much 
slower, therefore not creating a dipole or any type of magnetic field. In the case of Pluto it is 
likely that due to its size, lack of heated core, and slow rotation it has no magnetic field. The 
speed of rotation can be correlated to the generation of a magnetic field by looking at Mercury 
and Venus. Venus is known to have no magnetic field at all were as Mercury is known to have 
an extremely weak one. Yet Venus experiences a higher constant temperature, therefore the issue 
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does not come from the heated core. Notice however the difference in day length between these 
two is 184.88 Earth days with Mercury being that much faster. Thus Mercury is 75.8% faster 
than Venus; this is a major difference of course. This major difference could be the difference 
between having no magnetic field and an extremely weak one. Thus it would be interesting to 
know if Mercury were to speed up if its magnetic field would grow stronger. 
Table 2: Radiation Belts around Planets in Our Solar System130 
 
 From all this we can establish interesting facts. First, every planet excluding Mercury that 
has a magnetic field also has radiation belts.  It would be interesting to see that if Mercury did 
indeed grow a stronger magnetic field, if it also developed radiation belts. Another area to take 
note of is that all other planets with magnetic fields have one stronger than the Earth’s.  
Interesting aspects to look into would be do these planets all have belts with higher intensities. 
And also what contribution moons play in the development of radiation belts and magnetic 
fields. 
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Planet G Vesc Distance Albedo Temperature Atm. Press. Atm. Comp. Rotation Mag. Field
(* g E ) (km/s) (A.U.) (%) (K) (* Earth's) (* Earth's)
100 night, 
590--725 day
96.5% CO2, 3.5% 
N2, 
0.015% SO2
78.084% N2, 
20.946% O2, 
0.934% Ar, 0.035% 
CO2, 
H2O highly variable 
(< 1%)
95.32% CO2, 2.7% 
N2 
1.6% Ar, 0.13% 
O2, 
0.08% CO, 0.021% 
H2O, 
0.01% NO
89% H2, 11% He, 
0.2% CH4, 0.02% 
NH3
89% H2, 11% He, 
0.3% CH4, 0.02% 
NH3
Uranus 0.889 21.3 19.182 90 76 > > 100 89% H2, 11% He 17.24 h 47.9
Neptune 1.125 23.5 30.06 82 72 > > 100 89% H2, 11% He 16.11 h 27
Pluto 0.0675 1.1 39.53 14.5 50 0.003 CH4, N2 6.405 d 0
Saturn
0.916 35.5 9.539 75
Jupiter
2.364 59.5 5.203 70
184--242 day 0.007--0.009 24.623 h 0
134 > > 100
165
10.50 h 578
> > 100 9.925 h 19,519
Mars
0.377 5.03 1.524 16
243.69 d 0
Earth
1 11.186 1 38.5 283--293 day 1 23.9345 h 1
98% He, 2% H2 58.81 d 0.006
Venus
0.907 10.36 0.723 72 737 92
Mercury
0.378 4.3 0.387 5.6 10 -^15
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Part 2: Finding a Solution 
2.1 Solution to Radiation 
 The radiation that will be experienced in transit to Mars will be substantial and is a 
serious problem to any interplanetary mission. One solution to this involves NEAs. To be 
classified as a NEA the asteroid must have a perihelion of less than 1.3 AU.  The first NEA was 
discovered in 1898  and  named 433 Eros, by G. Witt of berlin. Since then especially their 
discovery has been greatly increased, especially in the past two decades, to a current 9500 
known. NEAs have not been fully studied and little is known about most, other than their orbit. 
These NEAs can vary greatly in orbital inclination and eccentricity. Also, most NEAs have 
aphelia located within the major asteroid belt located between Mars and Jupiter. These NEAs can 
be highly influenced by the gravitational pull of Earth, Mars, or Venus due to their small size and 
proximity to the planets. This influence can greatly change NEAs orbital trajectory and can cause 
a collision with another asteroid or planet. Since it is illogical to suggest there was once an 
immense population of NEAs and over the course of life of the solar system the number had 
been reduced to its current state, this must mean that the population is resupplied. The number of 
NEAs can be resupplied by several sources. Such as gravitational forces acting on asteroids 
within the asteroid belt that over time alter their orbits to become a NEA. Another is comets that 
have become inactive leaving behind rocky core. Comets are believed to become inactive after 
about 1000 orbits around the sun. A third and final source is from asteroid collisions between 
parent rocks in the asteroid belts. This causes fragments to break off and head into low 
inclination low eccentricity orbits that sometimes become NEAs. Also due to the ranging sources 
of NEAs the compositional class of a given NEA can be one of many classes. There are a range 
of asteroid classes, one such class is the C-class. C-Class asteroids are likely to have water or 
hydration crystals based on preliminary telescopic spectral analysis. This is monumental for it 
would be one of the first sources of water not located within a large gravity well. This is one of 
many reasons NEAs need to be studied much more rigorously. 
131
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2.2 NEA Advantages 
Due to their proximity to Earth, the time of flight to a NEA would be relatively short, 
reducing the overall amount of radiation exposure to the crew. This is the beginning of the 
solution to interplanetary transit radiation threat. Since many NEAs have orbits from near Earth 
to the asteroid belt this means they could be viable for transit between Earth and Mars since they 
travel beyond Mars. With the possibility of water and other useful minerals on such an asteroid a 
viable candidate should be explored. Thus initial robotic explorative missions would precede a 
manned mission. It has been suggested that a manned mission with an extensive stay on a NEA 
should be practiced before any interplanetary mission using an asteroid. All of these steps are 
necessary to establish a viable candidate and practice the orbital maneuvers associated with 
landing and takeoff from an asteroid. More extensive studies of NEAs are currently in 
progress.
132
 
 One such NEA exploration has been attempted, with  Itokawa. This NEA has an orbital 
period of about 1.52 years, a semi major axis of about 1.34AU, an eccentricity less than 0.3 and 
orbital inclination less than 2 degrees making it an ideal candidate for transit.
133
 Beginning in 
2002 the Hayabusa mission was established to send a small spacecraft to the asteroid,  to orbit 
and to touchdown on the asteroid. Upon landing it would collect surface samples and then return 
to Earth. The mission had many problems, but did return a small amount of dust particles to 
Earth for analysis and proved an asteroid could be orbited and landed on. A more extensive 
robotic exploration of NEAs should be attempted in order to find out more about the NEAs we 
wish to use to travel the solar system.
134
 
2.3 NEA Radiation Shielding 
In order for the asteroid to safely shield a crew for an extended period, it will need to 
block radiation from space. The acceptable radiation levels vary based on age and gender 
according to two reports, one from 1989 and the other from 2001. These reports are based ten 
year career whole-body limits for 3% excess lifetime risk of cancer mortality as recommended in 
NCRP Report 132 (2000) [65] and in NCRP Report 98 (1989). The values are as follows; 
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Table 3:  Accepted Radiation Dosage (cSv)135 
 
NCRP-132 equivalent 
dose E (cSv) 
NCRP-98 dose 
equivalent H (cSv) 
Age Female Male Female Male 
25 40 70 100 150 
35 60 100 175 250 
45 90 150 250 325 
55 170 300 300 400 
 
Now unit conversions must be examined. To evaluate the radiation found in space from (Sv) to 
(MeV)  
The unit Sv or Sievert is equal to 1 J/kg or 1 gray (Gy). 
 Since: 1 rad = 0.01 gray 
 1 rad = 6.24E7 MeV per gram 
Therefore acceptable doses in MeV per gram are; 
Table 4: Accepted Radiation Dosage (MeV)136 
 
NCRP-132 equivalent 
dose E (MeV) 
NCRP-98 dose 
equivalent H(MeV) 
Age Female Male Female Male 
25 1.87E+08 4.37E+09 6.24E+09 9.36E+09 
35 3.74E+09 6.24E+09 1.09E+10 1.56E+10 
45 5.62E+09 9.36E+09 1.56E+10 2.03E+10 
55 1.06E+10 1.87E+10 1.87E+10 2.50E+10 
  
Based on these accepted levels over a ten year career, we can now analyze what 
astronauts are exposed to in interstellar travel. Based upon earlier research, GCR radiation has 
been known to peak around 1 GeV. To be cautious we will use that worst case number to 
determine shielding needs. Inside the shielding the levels in table 4 should be the maximum and 
the goal should be to reduce them to background Earth level radiation. Earth background 
radiation is measured to be around 3 mSv or 1.11E+05 MeV annually. The dose of radiation 
experienced every day on the ISS far exceeds the allowable 10-year limit, which is why 
astronauts are on a 180 day rotation. Since based on new curiosity developments Mars radiation 
levels are similar to that of the ISS. Therefore based on this information you would need to limit 
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exposure of transit and living on mars to under the ten year acceptable values and then reduce it 
to nothing, or limit it well below the ten year values. When examining radiation shielding one 
considers the half thickness value. This is the value for thickness required to reduce the radiation 
that penetrates by half. This is calculated as follows; 
 
The above equation can be simplified to the below equation: 
 
The bulk mass absorption coefficient of the material varies based on the radiation material and 
the shielding material. Based upon above radiation levels the radiation will need to be halved as 
follows; in order to reach the maximum values set in table 4. 
Table 5: Number of Half Thicknesses137 138 
 
Half Thickness to meet 
NCRP-132  
Half Thickness to 
meet NCRP-98 
Age Female Male Female Male 
25 8.65 7.84 7.32 6.74 
35 8.06 7.32 6.52 6.00 
45 7.48 6.74 6.00 5.62 
55 6.56 5.74 5.74 5.32 
 
 The difference in exposure limit between genders is because radiation is known to cause 
higher risks of breast and ovarian cancer in women. Women are also more likely to get radiation 
induced thyroid cancer than men. Men however, do not have increased breast or prostate cancer 
risks from radiation. Additionally, age is also a factor, since younger people especially children 
are more susceptible to radiation induced cancer. That said, as age increases the risk diminishes. 
This is especially noted in women as after menopause they are less likely to have increased 
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breast cancer risk from radiation. This is because the data is based upon increased mortality form 
radiation induced cancer, as a person ages they have less time to live and therefore less of a 
chance that the radiation will be the factor in their death. 
 From this examination we can now calculate a rough estimate as to what size asteroid 
will be needed. Based on the equation for half-thickness discussed above, the bulk mass 
absorption constant for the asteroid material must be known. This constant is based upon both 
the material being used as a shielding material, and also what material is irradiating it. It is also 
dependant upon the energy the irradiating particle has. Therefore, based on the three most 
prevelent asteroid chemical make-ups constants could be found. The most prevalent materials are 
carbon, silicon, and iron. The constants were approximated using data for pure substances. Based 
upon average GCR radiation experience within space as discussed earlier and the above safe 
radiation values (for a 35yr. old male) needed, the necessary asteroid thickness’ could be 
determined.  
Table 6: Basic Asteroid Analysis139 
Asteroid  
Type 
Bulk Mass  
coefficient  
(μ) 
Density  
(g/cm
3
) 
Half 
Thicknes
s 
(cm) 
Half Thickness for 
minimum 
requirements 
(cm) 
Half Thickness for 
minimum 
requirements 
(m) 
Silicate 0.001 2.33 297.49 2379.90 23.79 
Iron 0.015 7.86 5.88 47.03 0.47 
Carbon 0.024 2.26 12.78 102.23 1.02 
 
However there is an important key to note from the above table. The bulk mass coefficients 
determined are highly inaccurate since they are not based upon the true energy levels the 
material would experience. The graph below, Figure 7, expresses that the trend seems to flatten 
out and thus seems that it will not change too significantly however energy levels on the order of 
magnitude that would be experienced in space have not been tested or produced since industrial 
applications are lower than 1.5MeV. Thus these calculations are inaccurate to true energy levels, 
but are relevant based on known information and give a good first estimate. These numbers give 
a margin of saftey of zero. Margin of saftey being calculated as follows 
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These can establish a baseline with which to begin eliminating asteroids that do not qualify. 
 One major analysis that stems from the above calculations is the obvious need for more 
information. Energy levels, absorption constants, spectral class and chemical makeup of 
asteroids all need to be explored much more. Thus more resources must be put forth to examine 
these areas of  NEAs as their potential benfits seem to be well worth the investment not; just for 
space travel, but also possibilities of mining and other exploration and scientific gains. Thus a 
call for more research and studies on NEAs are necessary.  
 
 
Figure 7: Sample Half Thicknesses Data for Silicon140 
2.4 Asteroid Classifications 
 From the above discussion of half-thickness and necessary radiation protection comes a 
drastically important concept. For an asteroid to be used it be capable of blocking a designated 
amount of radiation. In order to determine if a specific asteroid will accomplish this we must 
analyze what it is made of. As mentioned previously the make-up of a material substantially 
alters its shielding capabilities and therefore its half-thickness numbers. Altering this half-
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thickness number would therefore change the size of the asteroid needed for it to successfully 
block radiation. Therefore the chemical make-up of the asteroid directly correlates to what size 
the asteroid of that make-up must be to block the designated value of radiation. Thus knowing 
what an asteroid is made-up of is of dire importance. This is done by understanding the 
classification of asteroids. 
 There are a wide variety of asteroids within our solar system and they differ from each 
other greatly. Asteroids were first classed under the Tholen classification, developed by David J. 
Tholen in 1984. This classification was based upon 978 asteroids developed from broadband 
spectra between 0.31µm and 1.06µm. It also took into account albedo measurements. Albedo or 
reflection coefficient is the reflecting power of a surface, derived from the ratio of reflected 
radiation to incident radiation. This classification put the asteroids into 14 types, with a majority 
falling into three major groups. Those classes are as follows:
141
 
Tholen Classifications 
 C-Group dark carbonaceous objects 
 B-type (2 Pallas) greater albedo than other C-types, contains hydrated clays 
 F-Type (704 Interamnia) similar to B-type but do not indicate hydrated materials 
 G-type (1 Ceres) strong ultraviolet absorption feature  
 C-type (10 Hygiea) the remaining majority of standard c-type asteroids 75% of known 
asteroids, hydrated minerals present 
 S-Type (15 Eunomia, 3 Juno) silicaceous (or “stony”) objects 17% of asteroids, moderately 
bright (albedo .1-.22) weak spectral absorption and consist of many silicates 
 X-Group metallic objects 
 M-type (16 Psyche) Mainly nickel-iron  
 E-type (44 Nysa, 55 Pandora) differ from M-type by high albedo (.3 or higher) made of 
MgSiO3 
 P-type (259 Altheia, 190 Ismene) differ from M-type by low albedo (less than .1) 
believed to have water or ice interior 
 Small classes 
 A-type (446 Aeternitas) extremely rare 
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 D-type (624 Hektor) similar to P-type 
 T-type (96 Aegle) inner-belt asteroids red spectra 
 Q-type (1862 Apollo) intermediate between V and S types. Indicates presence of metal 
 R-type (349 Dembowska) relatively bright very red spectra 
 V-type (4 Vesta) similar to HED meterorites. Bright asteroids. Entrie type believed to be 
4 Vesta and crustal fragments of it.
142
 
SMASSII Classification 
Schelte J. Bus and Richard P. Binzel introduced a second taxonomy in 2002. This was based 
upon the Small Main-Belt Asteroid Spectroscopic Survey (SMASS) of 1477 asteroids. However 
this survey only used wavelengths from 0.44µm to 0.92µm and did not consider albedo. This 
classification kept much of the Tholen taxonomy and expanded upon it. This taxonomy can be 
seen below
143
: 
 C-Group Carbonaceous objects 
 B-type overlapping with Tholen B and F types 
 C-type most “standard”  of the non-B-type objects 
 Cg, Ch, Cgh related to Tholen G-type 
 Cb transition objects between C and B types 
 S-Group silicaceous (or “stony”) objects 
 A-Type 
 Q-Type 
 R-Type 
 K-type new category (181 Eucharis, 221 Eos) low albedo 
 L-type new category (83 Beatrix) more reddish spectra than k-type 
 S-type most “standard” of the S group 
 Sa, Sq, Sr, Sk, Sl, transition objects between S and other types in group 
 X-Group metallic objects 
 X-type most “standard” objects of x group 
 M-type (16 Psyche)  
 E-type (44 Nysa, 55 Pandora) differ from M-type by high albedo 
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 P-type (259 Altheia, 190 Ismene) differ from M-type by low albedo 
 Xe, Xc, Xk transition objects between X and other groups 
 Small classes 
 T-type 
 D-type (624 Hektor) 
 Ld-type a new type with more extreme spectral features than L-type 
 O-type a small category (3628 Boznemcova) 
 V-type (4 Vesta)144 
From these classifications nearly all asteroids have a type or family they fall into. Based 
upon this it is clear that identifying preferred asteroid qualities must be done in order to select a 
group of asteroids to begin studying more closely. Some of these qualities that we would look for 
would be, water, or any source of it that may be obtainable. Also we would want a composition 
that would block deep penetrating radiation. Whether that means we find a hard surface and find 
a cave or a softer surface and dig into it. These aspects of mission planning would need to be 
discussed and decided upon before picking a likely candidate group and thus finding a useful 
asteroid. 
2.5 Detecting Asteroids 
 Before modern NASA infrared satellites and radio telescopes, asteroid detection was 
done with optical telescopes. This method lead to several discoveries of some of the larger 
asteroids in the solar system, but obtaining any hard information about their obits and physical 
characteristics was difficult. Most asteroids are a combination of being too dull and too small to 
be detected visually. It wasn’t until January 1983, that NASA launched its first unbiased survey 
of the solar system. The Infrared Astronomical Satellite (IRAS) was the first satellite to scan the 
sky in the infrared spectrum. Its mission was to gather as much data as possible across 4 
wavelengths and it managed to survey 96% of the sky during its eleven-month mission.
145
 This 
data was then analyzed over the next 9 years and in 1992 a full catalogue of its data was released. 
In December 2005, NASA was directed by the U.S. Congress in S.1281, the NASA 
Authorization Act of 2005, to detect, track and catalogue all Near Earth Objects. By 2020, 
NASA is “to achieve 90 percent of its Near Earth object catalogue (based on statistically 
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predicted populations of near-Earth objects)”146 The Act defines Near Earth Objects (NEOs) as 
non-planetary bodies within 1.3 AU with a diameter of 140 meters of greater. It has been 
estimated that an asteroid with such a diameter would cause extensive damage if it were to strike 
the Earth’s surface near a population center.147 This directive gave the funds and political 
environment to begin the massive hunt for some of the tiniest bodies in the solar system. 
In 2009, NASA launched the WISE (Wide-angle Infrared Survey Explorer) satellite into 
a polar orbit with an altitude of 525 kilometers.
148
 This orbit allows it to point in every direction 
around the Earth. As successor to the 1983 Infrared Astronomical Satellite, WISE allowed 
NASA to identify and classify objects within approximately 25 light years of Earth. While not 
solely designed for Near Earth Asteroid (NEA) hunting, it is one of WISE’s main objectives, and 
enables NASA to determine the surface conditions of some asteroids to see if they are soft like 
snow or hard like stone.
149
 Every ten seconds, the WISE satellite took a picture and sent it to 
Earth for analysis. After more than an estimated 1.5 million pictures, the WISE satellite went 
into hibernation in February 2011. WISE’s Near Earth discoveries include 20 Comets, over 
33,000 Asteroids in between Jupiter and Mars and 133 NEOs that come within 45 million 
kilometers of Earth’s obit around the sun.150 
In addition to infrared surveying of the solar system, NASA has ongoing radio telescope 
missions dedicated to discovering and tracking asteroids. To date these telescopes have 
discovered more asteroids than both IRAS and WISE missions. While the large number of 
discoveries is wonderful, the vast majority of these asteroids are relatively unknown. From the 
radio telescope observations, the orbital parameters of the asteroid can be firmly determined, but 
virtually none of the physical properties. The orbital parameters play an important role in 
determining what asteroids we wish to use to travel about the solar system. 
Asteroid Detection by Size 
To date NASA has found over 9,300 NEAs. Figure 8 shows the number of NEAs found 
sorted by size range. Due to the difficulty in detecting and confirming detection of smaller 
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asteroids, the Jet Propulsion Laboratory (JPL) estimate that they have found all, or nearly all of 
the NEOs larger than 10km in diameter.
151
  
 
Figure 8: NEAs Found Categorized by Diameter152 
On the other side of the size spectrum however, the WISE mission estimated that there 
might be upwards of one million un-identified asteroids less than 100 meters in diameter.
153
 
Figure 9 is a representative graphic of the estimated number of NEAs by size class. This shows 
how the detection abilities of the WISE mission and the data it produced helped to refine the 
estimate of the number of NEAs. Due to the sheer number of asteroids of less than 100 meters in 
diameter, and the difficulty in detecting asteroids in this range, they were excluded from the 
refined numbers. Future infrared satellite missions will need to target this smallest range of 
asteroids to help identify more asteroids that might be useful for ferrying astronauts. 
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Figure 9: Post-WISE Mission NEA Population Estimate154 
One of the telltale signs that the smaller asteroids are more difficult to detect is the 
increasing ratio of estimated NEAs compared to the number known per size range. While the 
NEAs greater than 1km in diameter are roughly 90% accounted for, the ratio quickly drops to 
50% and then less than 15% for the smaller ranges. 
2.6 Why Use Asteroids? 
There are many reasons why asteroids offer an attractive method of space travel, but the 
most important is the issue of radiation. Various spacecraft traveling through the solar system 
have measured radiation and found that the peak particle energies are around 10
9
 MeV. To put 
this number in perspective, the most energetic particle the Haydon Collider has produced is on 
the order of 10
6
 MeV. In other words, the radiation a spacecraft carrying astronauts to Mars may 
experience is a million times more powerful than anything we can produce on Earth. 
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 This raises several concerns about how much shielding our astronauts will need in order 
to survive the trip. Our most efficient method of radiation shielding on Earth, lead, is extremely 
heavy and would make any vehicle we shield with it, too heavy to be practical. We would need 
about 10 cm of pure lead shielding just to ensure the astronauts experience acceptable, not ideal 
radiation levels. Needless to say, the additional weight of 10 cm of lead surrounding the 
spacecraft would exponentially increase the propulsion requirements to not only get the 
spacecraft into orbit, but also then accelerate it out of Earth’s gravitational field. We might 
consider assembling the spacecraft in orbit, to avoid having to use rockets the size of the Saturn 
V, but this too will result in a large price tag. Something that even a large partnership of 
countries might not be willing to pay. 
 Using a conventionally constructed spacecraft with a traditional radiation shield is 
possible, but in order to make it economically feasible, designing it to be reusable for shuttling 
crews to Mars is a must.. Unfortunately, radiation severely weakens metal over time. Nuclear 
Submarine reactor plants have a lifespan now approaching 30 years, but by their end, their 
structural integrity is significantly less than when first constructed. Now consider exposing the 
spacecraft to the extreme radiation of deep space, and conventional spacecraft look less and less 
favorable for our mission to Mars. 
 So what can we use to shield and house astronauts on their journey? Our best answer lies 
with asteroids. These chunks of debris left over from the formation of the solar system have 
survived billions of years in deep space. They can be incredibly large, some nearly 10 km in 
diameter, or incredibly small around 20 meters in diameter, and the right one can easily house 
and protect astronauts for their journey. These asteroids are already in orbit around the sun and 
can be moved over a period of years to proper alignment between Earth and Mars to allow travel 
between the planets. Because of this, all we have to do is build the living space for the astronauts 
under the surface and install the propulsion systems. The installation would be a robotic mission, 
involving mining into the asteroid, but this is only a technical challenge. Several companies, 
most notably Google, have expressed interest in mining asteroids for valuable resources and in 
partnership with NASA the necessary expertise and financial means can be assembled. 
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Part 3: A Mission to Mars 
3.1 Selecting Asteroids for Travel To Mars 
 The most important part of the mission is selecting the right asteroid to use. There are 
two phases to this decision process. First we want to find asteroids that match or are very close to 
the orbit around the Sun we want to travel to reach our destination. In the future if we travel 
beyond Mars, there may need to be several rendezvous to reach an asteroid that will deliver the 
astronauts to their destination, but for this project, looking at a trip to Mars, we will only need a 
single asteroid. 
Physical Criterion 
 The physical parameters of the asteroid are completely secondary to the orbital 
requirements of the asteroid. If an asteroid doesn’t go anywhere near where we want to go, then 
the asteroid is not feasibly useful to us. While it is certainly possible to move a perfectly ideal 
asteroid from a far orbit into our desired one, it is not practical in any manner with respect to the 
material, economic, and time investment. Rather, we want to find an asteroid that will provide us 
the appropriate shielding from radiation and get us to Mars. Therefore, the two most important 
physical criterions are size and material composition. 
The material composition is the real determining factor in selecting our asteroid because 
the depth we need to dig into the asteroid to shield from radiation is in direct relationship to what 
the asteroid is made of. For example, a lead asteroid would not need to be as large as a pure ice 
asteroid because lead is a better radiation shield than ice. Unfortunately the information we have 
on the physical makeup of any particular asteroid is a combination of spectral analysis from the 
WISE and IRAS mission data, and best estimates from telescope image observations.  
 For the large majority of asteroids, we know virtually nothing about their physical 
properties. Before billions and trillions of dollars are invested in changing orbits and making 
asteroids habitable, a geological survey of each potential asteroid should be conducted. Important 
information about the composition of the asteroid is needed to determine what type of equipment 
is needed. In addition, the total mass of the asteroid needs to be estimated with a great deal of 
accuracy to determine what the fuel and thruster requirements will be to maneuver the asteroid’s 
orbit. 
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Orbital Types 
 There are four groups of asteroids that have part of their orbits inside the orbit of Mars 
and are considered NEAs due to their proximity to Earth’s orbit; Aten, Amor, Apollo, and Atira. 
While these four groups have their own particular defining orbital characteristics, they are not 
absolutes. As such, Table 1 lists only the approximate orbital parameters for each group. 
Additionally, the final group Atira is often included as a sub-class of the Aten asteroids as their 
semi-major axes are both less than one. For the purposes of this investigation they will be 
considered as a separate group as their orbits are significantly different from the Aten asteroids. 
Table 7: NEA Orbital Parameters 
NEA Group Defining Orbital Characteristic 
Aten Earth crossing orbit 
Amor Orbits entirely outside of Earth’s Orbit 
Apollo Earth and Mars crossing 
Atira Orbits entirely inside Earth’s orbit 
Orbital Criterion for Going to Mars 
The asteroids that we select for traveling to Mars have to meet specific orbital criterion to 
rendezvous with both Earth and Mars in such a way that astronauts can survive an unshielded or 
lightly shielded trip to and from the planets. While we could theoretically thrust any asteroid into 
the right orbit, selecting an asteroid that naturally is very close to the orbit we desire will save 
time and money and helps improve the feasibility of using NEAs.  
The first step is to make sure that the asteroid passes inside the asteroid belt. This reduces 
the risk of a collision by making it impossible for the asteroid belt to interact with our asteroids. 
This limits the Aphelion of our orbits to 1.7 AU, just shy of the innermost edge of the Asteroid 
Belt, and 0.06 AU outside the Aphelion of Mars. On the flipside, the minimum Aphelion we will 
consider is 1.4 AU, which is just less than the 1.43 AU Perihelion of Mars. The asteroids that fall 
short of 1.43 AU Aphelion can still be considered even though the do not naturally cross Mars’ 
orbit because of our willingness and capability to make minor adjustments to their orbits. 
On the inside of the orbits, the asteroids must pass near Earth before swinging out 
towards Mars. This does not necessarily mean that the asteroid must cross Earth’s orbit, but it 
must come close. At the same time, we do not wish for the asteroid to get too close to Sun where 
the increased heat and radiation might fry the instrumentation and any life aboard. Additionally 
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we wish to keep the asteroid away from Venus’ gravitational pull, so the closer to Earth the 
Perihelion of the asteroid is, the better for the long-term survival of our asteroid.  
To decrease the amount of velocity change needed to alter an asteroid’s orbit closer the asteroid 
is naturally to a Homann Transfer orbit between Earth and Mars, the better. Figure 9 shows a 
representative Hohmann transfer between two orbits. This figure specifically depicts a satellite 
orbiting around Earth, but the concept of the Hohmann Transfer can be applied to bodies orbiting 
around the Sun or any other planet. 
  
Figure 10: Hohmann Transfer Diagram
155
 
The smaller the angle difference between the original orbit and the new orbit, the less 
delta v is required to make the transition. With the Hohmann Transfer, not only is moving the 
asteroid the most efficient, but also the astronaut transfer to the asteroid is the most efficient as 
well due to the proximity to the Planets’ orbits at either end of the transfer orbit. 
To enter a near-Homann orbit, the Perihelion of the Asteroids should naturally be within 
about 0.05 AU to the inside or outside of Earth’s orbit around the Sun. This range, while much 
smaller than the acceptable range for the Aphelion, is due to the circular orbit of Earth. The orbit 
of Earth varies between 0.983 and 1.017 AU, thus a slightly larger range is acceptable for the 
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asteroid’s perihelion. The small difference might be overcome either in the transfer to the 
asteroid by the astronauts, or by maneuvering the asteroid closer to Earth. 
The orbital criterion defined so far has reduced the number of potential NEAs from 9500 
to just over 1100. Now we must consider that unlike Figure 9, the asteroids are orbiting the Sun 
in three dimensions. The inclination angle of an orbit is the angle between the orbit, and a 
reference plane. Typically this reference plane is perpendicular to the axis of rotation of the body 
being orbited and for all the asteroids and planets in the solar system, this reference is the Sun’s 
equator. In this criterion, however, we shall use a different reference called the Ecliptic plane. 
The Ecliptic Plane is the plane defined by the orbit of Earth around the Sun, which is at 7.115° 
relative to the Sun’s equator. We use this reference because we wish to examine the orbit of an 
Asteroid relative to Earth and Mars. From this plane, Mars’ inclination angle is only 1.85°. When 
setting the criterion range, we will accept a broader range, up to 12.5°. This reduces the number 
of potential asteroids to only 141, of which 50 are of particular interest due to how close they 
come to Earth’s Orbit at their Perihelion. These 50 asteroids are highlighted in our Appendices 1 
and 2. Considering NASA’s estimate of millions of asteroids yet-to-be discovered, this bodes 
well for the potential number of asteroids that can be made habitable. 
To simplify this analysis, we shall not consider when a particular asteroid will intercept 
the planets, but rather rely on a sizable fleet of asteroids to allow for regular access to Mars and 
other destinations around the solar system. We calculated that in order for the asteroid to once 
again fly by Earth and then Mars, or Mars then Earth, the two planets must be in the same 
alignment as when the asteroid first passed by each one. Only once every 79 years, will the 
planets be in the within 2 days of their original orientation relative to each other. This does not 
account for the orbital period of the asteroid, which would more than likely decrease the 
frequency we can use the asteroid because it introduces a new dimension. By converting a fleet 
of asteroids, we can return to Mars much more frequently. 
3.2 Benefits of Habitable Asteroids 
 While using asteroids for traveling around the solar system will be a boon for science and 
humanity as a whole, transportation is not their only potential use. In the process of creating a 
network of habitable asteroids, billions and trillions of dollars will be spent. Thus other uses for 
these spacecraft should be explored to further expand our knowledge of our solar system, galaxy 
and universe. Each asteroid will have a nuclear power plant onboard and the capability to sustain 
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life. Therefore it makes sense to use these as deep space research laboratories, similar to the 
present day function of the ISS.  
One major advantage of using asteroids for this purpose is the reduced radiation 
exposure. Present ISS astronauts can stay aboard for only 6 months before they reach their 10 
year radiation exposure limit and have to return to Earth, most likely never returning to the ISS 
for another mission. With the asteroids, we can use the most radiation-proof asteroids for long-
term scientific missions. Additionally, without the naturally occurring background noises found 
on Earth and in orbit around it, scientists can be more certain of readings that would otherwise be 
disregarded as falling too close to the background noise.  
Taking advantage of an asteroid’s slow or absent rotational period, allows for telescopes 
and sensors to be placed on the night side of the asteroid and be shielded from the Sun to take 
longer and more accurate data samples. The opportunities for exploiting the advantages of an 
Asteroid Laboratory are numerous and will only benefit humanity and Earth. 
Ion Engines 
Since more propellant will rarely be brought to the asteroid due to the rarity of close 
approaches and the difficulty of coordinating long distance shipments, the propulsion method 
used on the asteroid will have to be as propulsion mass efficient as possible. As was discussed in 
the Space Propulsions section a high propellant velocity, V, is the parameter necessary for a 
propellant mass efficient system. As was discussed previously a readily available and proven 
technology with a very high V is ion engine propulsion. 
The ion engines used on the asteroid will need to produce higher thrust than those 
currently used on space craft. The table below shows some possible higher thrust configurations 
that could be used. These values are based off of current models scaled up to 200 kW and give a 
general idea of what higher power ion thruster might produce. Furthermore it is likely that 
several clusters of engines will be used on the asteroid, so the values in the chart can be 
multiplied to find the values for engine clusters.  
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Table 8 Ion Engines Scaled to 200 kW156 
 Concentric Channel 
HET (3 channels) 
NASA-457M 
Cluster 
(3 thrusters) 
ELF-375 
(200-kW design 
goals) 
VASIMR VX-
200 
(design goals) 
Input 
Power 
200 kW 200 kW 
(3 devices at 67-kW) 
200 kW 200 kW 
(2 devices at 100-
kW) 
Specific 
Impulse 
1300 – 5000s 3000s 1500-5000s 5000s 
Thrust 5-14 N 
(25-70 mN/kW) 
8.4 N 
(42 mN/kW) 
7-18 N 
(35-95 mN/kW) 
5 N 
(25 mN/kW) 
Mass Flow 
Rate 
100-1100 mg/s (Xe) 280 mg/s (Xe) 140-1200 mg/s (Xe) 130 mg/s (Ar) 
Efficiency 45%-64% 63% 65%-85% 60% 
Specific 
Mass 
0.5 kg/kW (thruster) 
1.4 kg/kW (thruster, 
PPU) 
1.3 kg/kW (thruster) 
2.2kg/kW (thruster, 
PPU) 
0.25 kg/kW 
(thruster) 
0.7 kg/kW (thruster, 
PPU) 
1.5kg/kW  
(thruster) 
Major 
Thruster 
Dimensions 
0.65-m diameter 
0.10-m length 
0.55-m by 1.6-m 
0.15-m length 
0.38-m diameter  
0.5 meter length 
1.5-meter 
diameter  
3.0 meter length 
 
It should be noted that the 200 kW of power denoted on the chart describes the input 
power to the thruster. The output power of the thruster will be lowered by the efficiency of the 
thruster. This energy efficiency can also be seen under the thrust values as mN/kW. The energy 
efficiency of the engine will be an important factor to consider when developing a thruster for 
use on the asteroid due to energy constraints imposed by the reactor onboard the asteroid 
 But the more important parameter that should be taken form this chart is the thrust/ ̇ 
value of the configurations. The maximum value of this parameter based on this chart for high 
thrust ion propulsion is 50000 N/kg/s and the minimum is 13000 N/kg/s. This can be compared 
to the 2650N/kg/s of the Saturn V rocket, showing the necessity of a high mass efficiency 
system. Therefore when developing an ion propulsion system for use on the asteroid thrust/mass 
flow rate will be one of the most important parameters to maximize.  
Orbit Modification 
 To make feasible use of asteroids for transportation will often require that the asteroids 
current orbit be modified in order to make transfer between Earth, Mars, and the asteroid more 
convenient. Unfortunately this process requires extensive use of discontinuous thrusting over the 
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course of several orbits. The thrusting will have to done over perigee and apogee centered burn-
arcs, possibly at constantly changing thrust angles.
 157
 Furthermore concurrent changes in the 
asteroids apogee, perigee, eccentricity, and inclination angle will have to be made in order to 
affect the orbit change in a reasonable amount of time. Due to the complex mathematics this 
requires, likely involving deep numerical analysis, the calculations are beyond the scope of this 
paper.  
 The concept of using low thrust over a long period of time is quite feasible, however. It 
can be shown that large changes in radii of large orbits can be affected by low magnitude thrusts 
over long enough periods of time (please see NEO Deflection section below for details) 
Reactors Aboard Asteroids 
Deciding what type of reactor should be installed on asteroids needs to take into account 
several factors. First and foremost, the propulsion system’s requirements need to be met. To 
determine the propulsion requirement, the worst case for total power to thrust efficiency should 
be considered. The VASIMR VX-200 Ion Thruster design provides the best fuel economy per 
newton of thrust, but at the expense of its thrust to input power ratio. Just about 60% of the 200 
kW input power is transferred into the Argon propellant, producing 25 milli-Newtons of thrust 
for every kilowatt available.
158
 A cluster of these thrusters will be required in order to produce 
the 100 to 150 Newtons of thrust needed to manipulate the asteroid’s orbit, consuming a constant 
4 to 6 megawatts of electrical power.  
The other power requirements that the reactor needs to satisfy include recharging the 
robots digging the asteroid and running the life support systems. The power requirements for 
these systems can only be ball-parked because the systems nor their prototypes or designs have 
been made. The only point of reference we have is the ISS, which consumes 64 kilowatts to 
support a crew of six.
159
 Since growing food onboard the asteroid is absolutely necessary, the 
total power requirements for supporting life will be higher, but it doesn’t necessarily mean that 
the reactor has to output more power. The total power required to support life may be around 250 
kW, which is less than 5 percent of the power required by the thrusters. Should propulsion and 
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life support be needed at the same time, the diversion of power to life support only takes away 5 
percent from the maximum thrust. 
 For a total power requirement of around 6 megawatts, a Thorium or Uranium reactor is 
necessary. When considering that the asteroid may be required to operate for more than 30 years, 
a uranium reactor simply does not have the lifespan to suit our needs. With the safe refueling-
capability of Thorium reactors and with the built-in reactor waste extraction system, Thorium 
reactors can theoretically be run indefinitely, making them ideal for use on our Asteroids. 
3.3 Converting Asteroids into Spacecraft (Asteroid Domestication) 
 The process for converting the asteroids into habitable spacecraft will take years of 
robotic work and to save time, must be done at the simultaneously with the long-term 
manipulation of the asteroid’s orbit. There will be two phases to make the most efficient use of 
time; first install the propulsion and power systems and then excavate the habitable volume. This 
allows for the orbital modifications to begin as soon as possible. 
 The design and construction of each asteroid will be unique in detail, but identical in 
overall design. Thus a detailed survey of the asteroid should be completed as soon as resources 
arrive on asteroid. A satellite can perform a topographical capture and create three-dimensional 
models for engineers to then plan construction to take advantage of the asteroid’s unique 
features. At the same time, chemical analysis of the surface material should yield enough data to 
develop an initial figure for the asteroid’s half thickness and how far into the asteroid the living 
quarters must be buried. The asteroids selected for conversion will have been determined from 
Earth to be the best candidates for shielding the crew from radiation, thus the investment of 
billions in resources and man-hours can be made to ship the necessary resources for construction. 
Due to the nature of each asteroid’s orbit, and the possibility that it will not approach Earth until 
it is ready to support life, all the materials and pre-fabricated resources should be shipped en-
masse to the asteroid at the first possible opportunity. 
 The reactor and its refueling and chemical separation processes need to be shielded from 
the GCRs, and thus should be buried many meters under the surface. Access to the reactor for 
inspection and repair shall be from the habitable side. This allows for the shaft connecting the 
crew’s quarters to the spacecraft dock to serve as the sole access to the asteroid’s interior, 
keeping radiation penetration to a minimum. Behind the reactor, on the surface of the asteroid, 
the Ion thrusters will be mounted on anchors imbeded in the material used to burry the reactor. 
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This ensures a steady platform from which they will begin operation immediately. For easy 
access, fuel tanks for the Argon or Xenon, will be mounted on the rear surface in such a way that 
they will not impede access to the thrusters in the event maintenance or repairs need to be made. 
Fuel lines will connect these tanks to the docking station to allow for a single docking maneuver 
for fuel resupply missions. 
 The interior of the asteroid will have to be hollowed out to the point where all of the 
surrounding material is the correct number of half thicknesses to maintain Earth-level radiation 
in the habitable chambers. While the shaft connecting the interior to the docking station will let 
more radiation in than the asteroid, it will be positioned such to minimize the crew’s exposure, 
most likely just forward of the reactor assembly. To keep the shaft’s influence at a minimum, the 
sleeping quarters and food growing chambers should be as far forward as possible while material 
storage and recycling processes shall be closer to the shaft. This configuration allows for the best 
possible radiation shielding for the life onboard, and for easy stowage of the materials brought 
onboard by re-supply missions. 
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Part 4: A Look to the Future and Protecting the Present 
4.1 The Future of Humanity in Space 
 One major topic that is still to be determined is what a functional human society would 
look like in a space age civilization. Will colonies on other planets consider Earth home still, or 
will the planet they live on be home? Will colonies become autonomous states, or mere mining 
colonies giving Earth resources? 
. One major consideration in all of this is how the world will change politically. Currently 
our planet is split into many countries based on geography, ethnicity, religion, and ideology, and 
within many of those countries are smaller boundaries separating states with similar differences. 
As of now this all seems to make logical sense, however what happens when multiple planets are 
introduced or multiple colonies. Will different human ideologies fight for power, or will humans 
find a way to unite as a race recognizing their differences but willing to overcome them. I think 
much progress has been made towards a united Earth. Many countries worldwide have begun to 
recognize that people should be able to practice any religion, have their own beliefs, and become 
tolerant and accepting. This is a first and necessary step, but at what point can humans realize 
petty quarrels over one man’s beliefs to another’s rank small in comparison to a celestial 
civilization. This question has no answer, but going forward looking into the future of mankind it 
is one that must be answered for our species to survive.  
 One key area to analyze in this futuristic society would be how different colonies will 
interact with Earth. Earth will always be mankind’s origination. So to this extent there is an idea 
of Imperialism. Thinking back to 18
th
 century Imperialism was the idea of the mother country, 
and actions and decisions as well as colonies were created to better support and grow the mother 
country.  Thus from this analogy would Earth be the mother planet, and outlying bases and 
colonies be created to better support Earth? There are several problems with this analogy 
however.  
First, looking at the short term there is no competition. That is to say in the 18
th
 century 
Imperialism came out of improving the mother country, but also making the mother country 
superior to other competing countries. This competition to be the better superior nation is what 
drove Imperialism. So looking at the analogy on a celestial frame, if the Earth was untied who 
would it be competing against? What would be the drive for other colonies to support Earth by 
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their work? This could develop into a class system deeming Earth a higher class of people. This 
is not to say there would be no drive for people to expand and move into new colonies but this 
supports the idea that each colony would be autonomous.  
Second, looking at the long term there is an eventual end to Imperialism. If we again 
examine Earth as an example of Imperialism, that time period came to an end many colonies 
revolted. Those that did not specifically revolt did eventually gain independence. There are very 
few areas of the world that are still a part of their original colonizers. This would again support 
an argument that colonies would choose to be autonomous and not support Earth. 
 Now the problems with this analogy do not mean that colonies would at all be hostile 
towards Earth, but rather say that they would not act like a contributing colony for the better 
good of Earth at their expense. That is to say they would feel as though the work they put in and 
the resources they develop should be used to better their quality of life and their colony rather 
than be transported to another planet. However this opinion develops into another issue to be 
looked at. This issue would be why there is a colony at a certain planet or celestial body and who 
sponsored it.  
 What time of colony was installed? Was the colony made to be strictly a mining 
operation, a population expansion, military or science installation? Also it would be important to 
look at how the colony got started. Therefore was the colony military sponsored, governmental 
sponsored or from the private sector? This would be a very important aspect to examine for each 
would behave differently. 
 Looking at sponsorships first there are three main types military, government, private.  If 
a colony were to be installed by the military they would have direct control. A military would be 
able to dictate how colony resources were used and where they were used. Also a military colony 
would have a sense of authority; there is a chain of command and sense of loyalty to that 
command. Therefore a military colony would likely not revolt in any way but is susceptible to 
change in military leaders that could cause misuse of resources towards a specific purpose. The 
second scenario, is a government sponsored colony. This colony would be directly run by a 
government and paid for by them. Thus it could likely be more stable and loyal to the home 
planet based on its need for government resources and money.  The third scenario is a private 
sponsored colony. A private sponsored colony would be run exclusively to forward the goals of 
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the company and leaders of the company. It would attempt to use its resources for its own 
personal gain and is likely to be least loyal to a home planet.  
 Next we should examine the original intent of the colony. If a colony is originally 
established to be a small mining or science facility it will be directly loyal to Earth. This colony 
was originally established with a main goal of bettering Earth by its presence. Thus this colony 
would most likely have no problem sending its resources elsewhere. That is not to say over a 
long period of time goals and opinions would not change but it would take much longer for the 
general attitude to switch from a colony put in existence to better Earth to one that wishes to 
better itself. However a colony originally established to be a population expansion would behave 
very differently. They would want their quality of life improved and to become a larger and 
better functioning colony. The idea of a population expansion would be to replicate or improve 
upon Earth like conditions in a new place. Therefore the idea of this type of colony sending 
resources to Earth and not better itself would not go over well. Lastly, a scientific or military 
installation would likely be put in place to better Earth. Thus a colony like this would see no 
problem in using resources to better Earth, in fact it would most likely be its entire goal and 
purpose. 
Thus from this examination several key points can be gathered. It is possible for Imperialism to 
take place on a celestial case but it seems flawed. Flaws in this begin with its innate drive and the 
idea of bettering Earth. However within these flaws come varying degrees. What a colonies 
original purpose and who was paying for it would directly affect whether the colony could act as 
an imperial colony and do so without conflict. 
Another area to examine within this conversation would be human nature. Humans as a 
species have a drive to survive, but also a drive for power, to be social, and a sense of home. In 
the beginning all humans will have traveled from Earth to a new planet or body to form a colony. 
They will directly think of Earth as the place they came from. Yet what about a generation or 
two later, someone who is born in the colony? They will have no memories of Earth but rather be 
told of it through their parent’s experiences and memories. They may or may not picture it as 
home, they may wish to see it, travel there see where they came from but I believe they would 
have a conflicted sense of home, the colony they were born into or the Planet their direct elders 
came from. However more importantly what about 5 or 10 generations out. When memories of 
Earth are long past being direct experiences, but rather stories that have been passed down. At 
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this point Earth will seem distant, what allegiance does this person owe some unknown planet he 
has never seen, nobody he knows has ever seen or experienced. This is the point at which 
loyalties will be tested, will humans continue to place home as the original planet of their species, 
or that one they specifically came from? This is a question that cannot be answered but one that 
will be the true test.  
 Overall a futuristic society will have many complicated issues and an interlocking web of 
ideas. Distance and speed of travel will directly relate to how different colonies interact and how 
they perceive Earth. However it would seem that humans would in some way be mutually united. 
That is not to say everyone would agree, or that there would not be rebels. But on a major scale 
humans would be able to put aside political differences for a better society. It also could be 
drawn that it is likely that most early stage colonies would be made much more for a mining or 
scientific purpose. These colonies would be highly unlikely to cause any sort of issue what so 
ever. However Earth will eventually become over-populated. And populated expansions will 
become necessary. These colonies will be the test. Would they wish to be governed by Earth, or 
govern by themselves and be a part of a greater solar system government of humans? Or would 
we see two planets of humans that could not agree, and be against each other. This will be the 
true test of humanity as a species. 
4.2 The Lifeboats of Humanity 
With the ability to land humans on Mars, in potentially sizable numbers over the decades, 
Mars exploration becomes more than a scientific mission. Mars and the asteroids we travel on 
are transformed into the lifeboats of Humanity. Should something catastrophic happen on Earth 
that makes it uninhabitable, the small pockets of humanity spread across the solar system allow 
for our species to continue living. Inevitably, this train of thought begins to sound like something 
out of a science fiction novel or apocalypse movie. This, however, does not mean that it is not 
worthy of consideration.  
The danger from space is very real, and affects us every day, whether we realize it or not. 
NEO collisions and solar radiation are two of the largest threats our planet faces and yet we only 
talk about them when they are about to, or have just affected us on Earth.  
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NEO Collision: 
Our research into NEOs and asteroids in general shows just how vulnerable Earth is to 
asteroid impacts. Our planet bears the scars of massive impacts in the past, some causing mass 
extinctions and altering life on Earth for years after their impact. At present, we do not have the 
capability to prevent such a collision with any degree of certainty. The future, however, is not 
without hope. The infrastructure created and the knowledge gained by using converting asteroids 
as spacecraft, opens the door to preventing such a catastrophic impact. 
One of the critical components converting the asteroids is the propulsion systems 
required to maneuver their bulk into the proper orbits between Earth and Mars. When we detect 
the asteroid significantly impacts the propulsion options available to us. As noted, the more 
efficient the propulsion system and thus ideal for the asteroid spacecraft, the lower the thrust 
generated. Thus, to make significant changes in the orbit of any asteroid, these methods could 
take decades. If detected years in advance, the ion engine would be our best solution for avoiding 
a collision. On the other hand, if the asteroid were not detected in time for a long-term orbit 
modification, chemical rockets, while extremely inefficient, would provide the necessary thrust 
to alter the orbit within a short amount of time.  
In all likelihood, a large asteroid like the one that killed the dinosaurs would not go un-
detected. Figure 11 shows the number of NEAs discovered in recent years, comparing the 
number of Large and total NEAs. The trend over the past 32 years shows a relatively low number 
of large asteroids (1km or larger) being detected at a much slower rate than the smaller asteroids 
(less than 1km in diameter). Considering the increased detection capabilities in recent and 
ongoing missions (WISE, IAS etc.) the slower discovery rate of the large asteroids indicates a 
smaller overall population in the solar system. As more resources are deployed in the effort to 
detect large asteroids, the chances of a large asteroid going undetected drops considerably. 
Therefore, should an impact between Earth and a large asteroid become likely, we will have 
centuries of warning with which to prepare and deflect the asteroid. 
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Figure 11: Known Near Earth Asteroids as of January 2013
160
 
Impact Results: 
 Simply because a 1 km diameter asteroid is unlikely to be discovered too late for a 
collision to be avoided, what can be done about smaller asteroids? According to David Morrison 
from NASA’s Ames Research Center, any asteroid larger than 40 meters in diameter could cause 
significant damage on a local scale. The ferrous asteroid that hit northern Arizona more than 
50,000 years ago is believed to have been about that size. It hit the ground traveling 
approximately 15 kilometers per second, and generated the equivalent of 3 Megatons of TNT; 
the kind of power only nuclear weapons can deliver.
161
 The damage that can be inflicted with 
such a large energy release is frightening to contemplate, but on a global scale, not very 
significant. Both the United States and the Soviet Union have tested nuclear weapons with much 
larger yields, and there have been little to no noticeable global environmental effects. Without 
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the nuclear fallout from the explosions, the asteroid’s impact site would be livable as soon as it 
cooled down.  
The significance of an impact is directly related to where it impacts the planet. Should a 
small asteroid hit a major metropolitan area like New York City, the loss of life and property 
would be tragic, but just as significant on a global scale as an impact in the wastelands of the 
Sahara Desert, in other words, inconsequential. NASA believes that it would take an asteroid 2 
km in diameter to produce a “severe environmental damage on a global scale.”162 Such an impact 
would release the equivalent of 1 Million Megatons of TNT, and kick up a large volume of 
material into the high atmosphere, where it would reflect sunlight and cause temperatures to drop 
and crops to fail worldwide. 
These effects would be similar to the “Year Without a Summer” in 1816 after the 1815 
eruption of Mt. Tambora in Indonesia. Tambora’s measured a 7 on the Volcanic Explosivity 
Index (VEI), which is a logarithmic scale of the material erupted from a volcano. It hurled more 
than 100 cubic kilometers of material into the atmosphere, causing a global drop in temperature. 
Temperate climates like the northeastern United States felt the temperature effects in a loss of 
60-75% of the hay and up to 90% of some food crops.
163
 A similar case, although not as 
devastating, was the eruption of another Indonesian volcano, Krakatoa. Its 1896 eruption was 
only a 6 on the VMI scale, but it erupted with an estimated equivalent to 200 Megaton of TNT. It 
has been recorded that the skies around the world were a more brilliant red at sunset, due to the 
amount of material in the atmosphere from this eruption. 
Perhaps the most famous asteroid impact in history is the one that wiped out the 
dinosaurs. It was approximately 15 km in diameter when it struck the surface and produced 100 
Million Megatons of TNT.
164
 This particular impact can be seen all around the world in the strata 
of rock, as a dark band of material that was dispersed from the impact site on the Yucatan 
Peninsula and the Gulf of Mexico. The amount of material kicked into the atmosphere is 
mindboggling and was lethal for more than 95% of life on Earth. 
While such cataclysmic impacts from a single asteroid are not statistically probable, we 
believe that a greater threat to the habitability of planet Earth lies with a numerous shower of 
smaller asteroid. Asteroids collide all the time, sometimes shattering larger ones into countless 
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smaller pieces. If the debris of such a collision were sent on a collision course with Earth, the net 
result from the hundreds of smaller impacts could culminate in a global environmental impact. 
NEO Deflection 
 
Unlike the subject of modifying the entire orbits of interplanetary asteroids, the subject of 
deflecting asteroids from a collision with Earth is a much simpler situation to analyze. Since the 
focus is on modifying a small part of the asteroids trajectory, its close approach to Earth, the 
mathematics of the subject simplifies to two equations which can be studied.  
It should be noted that the following analysis assumes an asteroid with a large 
heliocentric orbit. In the case of an asteroid with a smaller, interplanetary orbit, the method of 
discontinuous thrusting would be needed.  In order to make an asteroid miss Earth, its orbit must 
be changed in a way that it misses Earth by a distance   , called the miss distance. To determine 
what value of    is needed to ensure a miss, we use        , where    √  
   
    
   
165 
   Radius of Earth 
           
   Gravitational parameter of Earth 
   Asteroid velocity relative to Earth 
  
It should be noted that the only variable in this equation is   , and because    decreases as 
  increases,    also decreases. Therefore the necessary miss distance decreases for higher 
velocity objects.
166
 
Creating the Shift Distance 
To determine what must be done to the asteroid to ensure it misses Earth by the miss 
distance   , the following equation is used.     
 
 
   
  
167
 where   
 
 
 and; 
T Thrust force applied to asteroid 
M Asteroid mass 
ta Thrust time 
A The acceleration applied to the asteroid by T 
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This equation assumes the simple case in which the thrust is tangential to the orbital velocity of 
the asteroid.
168
 In this case, the asteroid is not spinning or wobbling and provides a stable 
platform to thrust from.  
 Since the acceleration we impart on the asteroid, A, depends on the direction we thrust in, 
   is ultimately dependent on the sign of T. To simplify our analysis, only the magnitude of    
shall be considered, as we are only concerned with making sure the asteroid avoids Earth. 
Therefore the final version of the equation of the shift distance that shall be used in this paper is 
         
 
 
   
  (Eq. 2). 
 Since A is an important parameter to consider when altering the orbit of an asteroid, 
         can be derived from        to be           
   
   
  (Eq. 3). From this we see that A is 
directly proportional to    and inversely proportional to   , and that    is the dominant term. 
This is important when considering how far in advance the orbit modifications need to begin in 
order to miss Earth, and clearly shows that maximizing the thrust time available will be vital. 
On the graph below, values of    have been plotted using      ) across a range of values for A 
and    in order to see how much shift distance can be created by applying a reasonable 
acceleration over possible time periods. Since all of our propulsion methods are low thrust, the 
acceleration they impart is also low. Therefore maximum    is examined to 10 years, or      
    seconds. This allows us to see how much thrust will be required to match the appropriate 
miss distance. Since the minimum shift distance required to ensure that the asteroid will miss 
Earth is around 20,000 kilometers, a shift distance on the order of 100,000 kilometers is a safe 
estimate.  
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Figure 12 : Shift Distance vs. Acceleration and Time 
To emphasize the acceleration required to create a certain orbital change, the next graph 
plots Acceleration vs. Distance and Time using (Eq.3), the same   values as the previous graph, 
and a maximum    value of 100,000 km. 
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Figure 13: Acceleration vs. Distance and Time 
The shape of the graph confirms the predicted behavior that A decreases with ta.  
The chart below was also calculated using (Eq.3). The s values used in this chart were 0.1, 0.3, 
0.5, 0.7, and 1 AU. The ta values used were 0.5, 1, 5, and 10 years.  
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Table 9 ; Possible Acceleration Values for Given Shift Distance and Thrust Time 
Shift Distance (m) Thrust Time (s) Acceleration (m/s
2
) 
1.50E+10 (0.1 AU) 1.58E+07 (0.5 Year) 4.01E-05 
1.50E+10 3.15E+07 (1 Year) 1.00E-05 
1.50E+10 1.58E+08 (5 Year) 4.01E-07 
1.50E+10 3.15E+08 (10 Year) 1.00E-07 
4.49E+10 (0.3 AU) 1.58E+07 1.20E-04 
4.49E+10 3.15E+07 3.01E-05 
4.49E+10 1.58E+08 1.20E-06 
4.49E+10 3.15E+08 3.01E-07 
7.48E+10 (0.5 AU) 1.58E+07 2.01E-04 
7.48E+10 3.15E+07 5.01E-05 
7.48E+10 1.58E+08 2.01E-06 
7.48E+10 3.15E+08 5.01E-07 
1.05E+11 (0.7 AU) 1.58E+07 2.81E-04 
1.05E+11 3.15E+07 7.02E-05 
1.05E+11 1.58E+08 2.81E-06 
1.05E+11 3.15E+08 7.02E-07 
1.50E+11 (1 AU) 1.58E+07 4.01E-04 
1.50E+11 3.15E+07 1.00E-04 
1.50E+11 1.58E+08 4.01E-06 
1.50E+11 3.15E+08 1.00E-06 
 
Table 9 shows the general magnitude of A necessary for a given s in a given ta. Of 
particular note is that the magnitudes of acceleration, even for an extremely high shift distance 
such as 1 AU, and over a short time period such as 1 year, are relatively low. The fact that this 
extreme case has a necessary acceleration on the order of magnitude of 10
-4
 m/s
2
 means that a 
lower thrust propulsion solution to modify asteroid orbits is feasible. 
The final subject to be considered is the coast time factor. This is the case in which the 
object is allowed to coast (A=0) for a time tc after ta. The equation for    then becomes 
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            .
169
 With the simplifications made earlier,             
 
 
            (Eq.4). In this case             .   
The table below was calculated using          A total time of 10 years was used, with ta 
being 10 years and tc being 0 in the first case, ta and tc are 8 and 2 years respectively in the 
second case, ta and tc are 5 and 5 years respectively in the third case, and ta and tc are 2 and 8 
years respectively in the fourth case, with the same A value in all four cases. The chart shows 
that given a limited mission time, a larger s can be achieved with more thrust time, and for a 
maximum s in a given time thrust should be applied for as long a time as possible 
Table 10; Effect of Coast Time on Shift Distance 
Acceleration (m/s
2
) Thrust Time (s) Coast Time (s) Shift Distance (m) 
1.10E-09 3.15E+08 (10 Year) 0 1.64E+08  
1.10E-09 2.52E+08 (8 Year) 6.31E+07 1.58E+08 
1.10E-09 1.58E+08 (5 Year) 1.58E+08 1.23E+08 
1.10E-09 6.31E+07 (2 Year) 2.52E+08 5.91E+07 
 
The above analysis can be used to get an idea of what time or acceleration, which if multiplied 
by the mass of the asteroid gives thrust needed to shift an asteroid for a given situation. 
Conclusions on NEO Deflection 
  Several more general optimization suggestions can be drawn. First is how much thrust is 
necessary. In the case of shifting the orbit of an asteroid on a collision course with a long lead 
time, a lower thrust will be suitable. In this case propellant mass and cost will likely be the 
limiting factors, and therefore the propulsion used should attempt to maximize the exit velocity 
of the propellant, and thereby the energy imparted to the asteroid per propellant mass. These 
parameters make a propellant method like ion propulsion, with its high propellant velocity but 
low thrust (as discussed previously) ideal. A high-power ion engine, solar sail, or mass drivers 
are good solutions for this case. 
In the case where an asteroid must be shifted rapidly, a higher thrust must be used. Here 
time is the limiting factor, so propellant mass (and therefore cost) are not important. High thrust 
solutions like chemical rockets, or in a true emergency nuclear standoff detonations, will be the 
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only solutions. The high cost of transporting the large quantities of propellant for the rocket, or 
the danger involved with the nuclear detonations will have to be ignored.  
The final over-arching conclusion that can be drawn from the above discussion is that 
having as much thrust time as possible will be an important concern in any situation. It allows 
new technologies to be developed if necessary, and for low thrust, mass and energy efficient 
propulsion solutions to be used. Therefore early detection of dangerous asteroids or comets will 
be vital and must be developed, and asteroid-shifting technologies should be developed and 
manufactured before a threat arises.  
Solar Weather 
Meteorite impacts and asteroid flybys are visible reminders of the dangers that lurk in the 
dark depths of space, but there are other, invisible, threats that affect the lives of millions far 
more frequently. Solar Particle Events (SPEs), more commonly known on Earth as space 
weather, impact the technology we rely on to support our society. The root cause of these effects 
is how the charged particles interact with the Earth’s Magnetic field.170 When the particles 
encounter the Earth’s Magnetic field, the charged particles follow the field lines, with the 
positive and negative charged particles splitting between the North and South Poles respectively. 
These charged particles impact the atmosphere generating heat and light, visible as the Northern 
and Southern Lights. The attraction of the particles to the polar regions of Earth causes a higher 
concentration of radiation, creating interference with communications, and other electronic 
systems. In recent decades, there are countless examples, several notable examples of which are 
listed below in Table 11.  
Table 11: Effect of SPEs on Earth171 
Date: Result: Duration: 
March 1989 Hydro-Quebe power grid blackout 9 hours 
January 1994 2 Canadian telecommunications satellite outages 3 hours / 6 months 
October-November 
2003 
Disabled FAA GPS-based Wide Area 
Augmented System 
30 hours 
January 2005 Diverted 26 United Airlines flights on trans-
polar routes 
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 These storms affect the High Frequency (HF), Global Positioning System (GPS) satellite 
radio communications because of density disturbances in ionosphere. Depending on the strength 
of the storms, the effects can be anywhere from non-existent, to permanently disabling all 
electrical systems on Earth. If the Earth’s magnetic field is strong enough to repel and re-direct 
the incoming radiation, the effects will be low, but as the storm strength increases, the Earth’s 
magnetic field begins to buckle and collapse inwards towards the surface, bringing with it all the 
radiation it is trying to direct. Figure 14 (See Appendix C) shows the natural compression of the 
Earth’s magnetic field on the front side of Earth as it orbits around the Sun. A SPE will further 
compress these field lines, exposing the outer satellites first, and as its strength increases, will 
bring more radiation closer to Earth, affecting more systems. 
While the dangers presented by SPEs are very real and dangerous, they are not forefront 
in the minds of the average citizen of Earth. This is due to a combination of reasons. First, 
extreme SPEs are Low Frequency/ High-Consequence (LF/HC) events, meaning that the wide-
impact ones do not occur often. Second, the industries most impacted by severe space weather 
have taken steps to mitigate the effects of SPEs. These industries include telecommunications, 
aviation, power generation, and anything dependent on space-based resources like GPS. In 
today’s interconnected and interdependent world, the effects on theses systems and industries 
trickle their way thru to a large percent of the population of Earth.  
Sandblasting The Atmosphere 
 While the normal effects of SPEs are mostly felt with disruption of electrical and 
communications systems, the SPEs that generate them are relatively minor in comparison to 
what could be experienced. Research at NASA’s Goddard Space Flight Center shows that a 
strong enough SPE, a Coronial Mass Ejection (CME), could have the same effect as a 
sandblaster on a planet, removing its atmosphere and a layer of its surface.
172
 Bodies with small 
or nearly non-existent magnetic fields are the most at danger from such a cataclysmic event 
because they will offer little to no resistance to the incoming mass, not slowing it down. Mars, in 
particular, is vulnerable to loosing its upper atmosphere due to the fact that it does not have a 
magnetic field that surrounds the entire planet.
173
 NASA plans to launch the Mars Atmosphere 
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and Volatile Evaluation (MAVEN) mission to Mars in late 2013 to examine how solar activity 
like SPEs and CMEs can remove atmosphere.  
 The loss of a portion of our atmosphere due to space weather would have a more far-
reaching effect on life on Earth than a planet-wide loss of electrical systems. First and foremost, 
the simple fact that the incoming radiation and ionic mass buckled the Earth’s magnetic field 
enough to scrape away at the atmosphere means that there would be a global impact on electrical 
systems. The loss of a part of our atmosphere would, for the most part, be permanent like Mars. 
While it might be possible to release gasses into the atmosphere to make up for the traumatic 
loss, the shear volume would be incomprehensible and the least of our worries immediately after 
the fact. In the scientific community, every reference or piece of data about our atmosphere 
would be then be wrong and have to be re-discovered without the aid of modern technology. 
From a scientific, societal, and economic point of view, the Humanity would be set back well 
over two hundred years, stopping the forward progress of Humanity in its tracks. 
Protecting Earth from the Invisible 
 How can we protect our home world from an apocalyptic event? What steps can be taken 
to provide enough warning to save vital pieces of our society? The answer is not a lot. Power 
distribution infrastructure and the communications satellites in orbit around Earth can be 
replaced and upgraded with hardened systems, but nature can always overpower our attempts to 
protect ourselves. The best way to preserve what advancements we as a race have made is to 
bury them underground, relying on the rock to protect them. Despite all of our species’ 
advancements and extensive knowledge of the universe, we are still at the mercy of the weather, 
just as much as our ancestors were centuries and millennia ago. 
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Part 5: Article for Publication 
 This article was written in a joint effort between our IQP group and another Humanity 
and Space IQP group under Professor Mayer Humi. We hope to publish this article in the near 
future and include it here as a summary of our work. There are certain points made in this article 
that are not mentioned in our IQP report. These come from the research of the other group. 
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Introduction 
Motivation 
Humanity is on the precipice of entering a new era of deep space exploration and space 
colonization. Space presents a vast array of problems to humans that must be overcome in order 
to further our exploration and presence outside Earth. Some of these problems include 
microgravity, resources for humans to survive such as food and water, power generation, 
propulsion methods and fuel sources, the need for advanced robotics, and radiation in space. In 
this paper, we provide a possible solution to the radiation in space. 
Problem 
 Radiation poses a threat to mankind everywhere, especially in space where there is no 
natural shielding. Space radiation is made up of Galactic Cosmic Rays (GCRs) and Solar Particle 
Events (SPEs), which are atomic and subatomic particles accelerated to high energy levels. 
High-energy radiation poses the largest threat to humans, as it is the most likely to cause cancer 
and genetic mutation. Outside of Earth’s protective magnetic field, humans are highly 
susceptible to radiation, and must therefore be heavily shielded while in high-radiation 
environments. 
Proposed Solution 
This paper heavily examines space radiation to provide a solution specifically for a 
mission to Mars. The proposed solution is to use near earth asteroids (NEAs) as a way of 
shielding against radiation. The concept is to choose the most suitable NEA out of the ten 
thousand known that could be utilized to travel between Earth and Mars. The chosen NEA must 
be of sufficient size and material to shield against the necessary amount of radiation. If 
necessary, we can domesticate the asteroid by manipulating the asteroid’s orbit. We would build 
a cave in the NEA in which a manned crew would ride safely from Earth to Mars. The crew 
would then exit the NEA upon approaching Mars. 
  
  
 
3 
Radiation in Space and Its Impact 
Radiation in Space 
Radiation in deep space comes from two main sources; GCRs from beyond the solar 
system, and Solar Radiation that manifests itself in SPEs that occur during infrequent but intense 
solar flares and Coronal Mass Ejections (CMEs). A usually ignored source of radiation, known 
as secondary particles, are important to consider when attempting to shield life in interplanetary 
space because they are a byproduct of shielding from high-energy radiation.
1
 
GCRs originate from outside our solar system, with particle energies known to peak 
around 1 GeV within the solar system. Approximately 98 percent of these particles are protons or 
heavy ions (HZE) which possess a high Linear Energy Transfer (LET), which enables them to 
deeply penetrate shielding. The collision of this radiation and shielding is more likely to generate 
secondary particles, increasing the total amount of shielding needed to maintain a safe 
environment. The levels of GCRs within the solar system, vary with the natural solar cycle, 
where the Sun’s magnetosphere and material output increases and decreases, changing the 
amount of GCRs deflected away from the core of the solar system.
2
 
The other major radiation contribution in space comes from SPEs which are made of 
CMEs and solar flares, both of which spew ionized gases and radiation. Large events of this 
nature are rare however but are dependent upon the sun’s 11-year cycle. Impulsive flares are 
short lived, on the order of hours, but release large amounts of electron radiation. These, 
however are not overly dangerous to space travel as they emit in a range from 30° to 45° angle in 
solar longitude. CMEs are much longer lived than flares, lasting days, and are characterized by a 
high proton flux on the order of 10
9
 particles per square centimeter. CMEs can be emitted across 
a wider range, and can reach Earth and other planets, impacting spacecraft and space-based 
resources enroute to or in orbit around them.
3 
 
Impact of Radiation 
Sieverts (Sv) are the SI unit for measuring equivalent radiation absorption, defined as 
the equivalent absorption of one joule of energy by one kilogram of matter, in this case human 
tissue. Any dose of radiation greater than 8 Sv will be fatal to humans within days as they 
sucumb to organ failure and severe burns. If a human is on a spacecraft in space, the exposure 
from a solar flare or CME could be fatal. Any radiation exposure greater than 1 Sv will cause 
varying illnesses that include leukopenia and other immune system-impairing conditions. 
After removing humans from the equation, the largest impact of space radiation on 
space travel is how it interacts with the spacecraft electronics. Computers performs operations 
and stores information by flipping the charge of bits between positive and negative. When a 
charged particle impacts these bits, it flips the bit change and corrupts the data. Under extreme 
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radiation, like the particle flux of CMEs, the information can be completely corrupted. There are 
two main ways to shield electronics. By using older chip designs with larger gaps between bits, 
radiation is less likely to flip multiple bits simultaneously. Additionally, the CPU equivalent of 
lightning rods can be built into the vulnerable circuitry to redirect the incoming radiation. 
Radiation Shielding 
Radiation shielding is measured in half thickness, which is the amount of material 
needed to reduce the incoming radiation in half. By overlapping several half thicknesses, the 
incoming radiation can be further reduced and a safe environment can be established. If we know 
the incoming radiation levels, and the material properties, we can determine the half thickness 
and how much material is needed. The following equation can be used to determine this, where 
mu is the bulk mass absorption coefficient of the material and rho is the density of the material. 
 
Determining the amount of shielding needed is simple in concept but requires knowledge 
of High Energy Particle Physics and Material Science. The interaction between the incoming 
radiation with the Shielding Materials and what radiation dosage can be experienced without ill 
effects needs to be accurately known. There are established guidelines published by the NCRP 
(National Council on Radiation Protection), which NASA currently uses to determine what the 
astronauts on the ISS can safely experience.
4
 To keep the astronauts healthy, a goal for their 
travel in space should be to keep the radiation levels as close to Earth-level as possible. 
Therefore, to reduce the incoming radiation to the levels we want, about 9 half thicknesses of 
material will be required to shield astronauts on deep space missions.
5
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Radiation Blocking Materials 
The criteria for choosing a material is that it must minimize as much radiation exposure 
as possible and should be light enough to be used on a spacecraft. The ideal type of material used 
for radiation protection/shielding would be one that is both lightweight and has good deflection 
properties against radiation particles. Lead, the de facto radiation shielding material, does not 
meet these criteria, but will be used as a basis for comparison with the other materials. Below in 
Table 1 lies a list of materials that can possibly be used to protect against radiation in future 
space missions. We explain what kind of material it is, how it can be used against radiation, and 
how much of the material is required. Lead is listed simply as a comparison. 
 
Table 1: Suitable Materials for Radiation Protection 
Protecting 
Material 
What is it How does it work 
against radiation 
How much is 
required 
Lead Chemical element with 
atomic number 82 
It’s extremely high density 
provides shielding from 
radiation particles. 
10cm for a 
reduction of 
~1000x 
Polyethylene 
(Demron) 
Most commonly used 
plastic for commercial 
products 
A chemically synthesized 
polymer with high 
amounts of hydrogen.  
-Demron is polyethylene 
between two layers of 
fabric. 
Demron is lightweight, 
flexible and contains 
proprietary materials that 
block radiation. It can be 
treated like a fabric for 
cleaning, storage, and 
disposal purposes. 
A thickness of 2.7 
cm (72 layers) and 
29 cm (240 layers) 
of Demron would 
be required for a 
two factor and ten 
factor reduction in 
transmission 
  
Boron Nitride 
Nanotubes 
An equal chemical 
combination of both Boron 
and Nitrogen nanotube 
containing Boron Nitride. 
Due to its light nucleus, can 
successfully absorb harmful 
neutrons in secondary 
radiation. Additionally, if 
used in the development of a 
space shuttle, this can further 
decrease the harm of 
radiation exposure for 
astronauts. 
Approximately 
1.5m is needed to 
reduce the 
effective dose rate 
(Eiso) by 45 – 
48%. 
Electrostatic  
Shielding & 
Carbon 
Nanotubes 
A material capable of 
blocking the effects of an 
electric field, while also 
allowing the passage to 
magnetic fields. 
The use of conductive 
materials such as carbon-
nanotubes (CNTs) can 
conduct enough energy to 
generate an electrostatic 
shield capable of blocking 
all incoming ion particles. 
Several feet of 
carbon a nanotube 
are required to 
shield against 
radiation 
C60 
(Buckminster- 
fullerene) 
A spherical fullerene 
molecule with the formula 
C60 with a cage-like fused 
ring structure. 
Provides potential benefits 
against radiation if used as 
an antioxidant drug 
  
TBD, more 
research needs to 
be done to 
determine 
appropriate doses. 
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NEAs for Protection 
Our Idea: 
We propose to use the NEAs in a way that takes advantage of their material properties 
and their uninterrupted access to the parts of the solar system they pass by. We want to use 
NEAs as transportation that could completely protect passengers from space radiation. 
 
The plan is simple:  
1. Find a suitable NEA whose orbit passes an area of interest in space (e.g., Mars) 
2. Fly to the aforementioned NEA when it is closest to Earth 
3. Safely wait inside the NEA until it nears the area of interest 
4. Depart the NEA for the area of interest 
 
However, the reality is not nearly as simple. Although we have the technology to 
precisely calculate the orbits of NEAs, it is quite difficult to determine if a particular NEA will 
be suitable. In order to “safely wait inside the NEA”, we will need to develop efficient methods 
of hollowing out asteroids. This will need to be done ahead of time through robotic missions, and 
could require waiting for the NEA to once again near Earth, which may take several decades.  
Additionally, we will need to provide a return trip, which essentially doubles the work to 
be done. We have propose ideas to reduce these complications, including changing the trajectory 
of asteroids, which are described below. While these are all obstacles to the success of our 
vision, it does not seem that they are insurmountable. 
The use of an NEA as transportation provides several benefits in addition to radiation 
protection for the astronauts. Since a space shuttle will only need to travel to and fro the NEA 
during the mission, the amount of fuel required is small. This has the secondary benefit that the 
mass of the shuttle will be low, decreasing both the required energy for liftoff and the delta-v’s 
while in space. The NEA will also provide protection against micro impacts from space debris, 
which is a convenience that traditional shuttles do not have. 
 
Material Advantages 
One of the consequences of making a shielded spacecraft using conventional construction 
and shielding methods, is the large amount of material that must be put into space. The cost of 
doing this behooves mission planners to design the interplanetary spacecraft with longevity in 
mind. This, however, is dangerous, as radiation affects a metal’s strength over long periods of 
time. This is especially apparent in Nuclear Submarine reactors, where after thirty years of 
service, the reactor walls become brittle. This is a major concern for conventional spacecraft 
where the interior has to be pressurized and is one factor that is not present when using NEAs. 
While aluminum and other materials are needed to construct the living quarters, they will be 
shielded by the bulk of the asteroid, and not weaken from radiation over time.  
Classifications of NEAs based on Physical Compositions 
Many NEAs are classified as Chondrites, which can be composed of silicates (mainly of 
iron) and volatiles (mainly of iron, water and carbon). Iron constitutes for 88% of the main metal 
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classifications of NEAs and other asteroids. Iron is the second best metallic element used to 
protect against gamma radiation being only second to lead. It only takes 4 inches of Iron to 
reduce gamma radiation damage by a factor of 10, whereas it takes 24 inches of water to reduce 
by damage by a factor of 10. Drilling down 340 feet of iron would reduce radiation damage by a 
factor of 1 million. We also need to take into account other properties of NEAs when 
determining their feasibility as protection, such as their temperatures. 
 
Enumeration of Asteroids 
NEAs come from many sources, but most are in their current orbits, having been nudged 
by the gravitational attraction of nearby planets or after a collision with another asteroid in the 
Asteroid Belt. NASA, other space agencies, and scientific organizations have identified over 
9,500 NEA’s in orbit around the Sun. This number does not reflect the true number of NEAs, 
because the asteroids discovered are among the largest. Smaller asteroids, on the order of 100 
meters in diameter or less, are more numerous and also harder to detect with both radio and 
infrared telescopes. The range of NEA sizes varies from 10 km diameter behemoths to those the 
size of pebbles, all of them presenting different hazards to spacecraft and planets. 
Determining which asteroids to select from the thousands of NEAs requires the asteroid 
to meet several criteria. First their current orbit around the Sun must be considered. Even the 
smallest of asteroids only thirty meters in diameter can be more than a million kilograms. To 
reduce the amount of orbital manipulation required for each potential asteroid, those closest to 
Earth, which also intercept Mars’ orbit, will be examined. To aid in exploration of these potential 
asteroids, their perihelion should be within 0.05 AU of Earth’s orbit and their aphelion should 
extend to between Mars’ Perihelion and Aphelion, a range of 1.4 to 1.7 AU. The aphelion of 
their orbits should not extend beyond 1.7 AU to avoid the possibility that they will collide with 
another asteroid in the Asteroid Belt, thus drastically altering their orbit and making them useless 
for our purpose. These parameters reduce the potential known Near Earth Asteroids from over 
9500 to around 200. 
A final orbital consideration is the inclination of the asteroids’ orbits relative to Earth and 
Mars. In an Ecliptic reference frame, which passes through the Sun and Earth, Mars’ orbit has an 
inclination of -1.8°. In order for Asteroids to approach both Earth and Mars, they must orbit in 
between the planet’s inclination angle. For simplicity, we shall assume that we can manipulate 
the inclination angle of those asteroids nearest to the ideal orbit in such a way that they will 
precisely intercept the planets. By limiting our search to +/-10° from the Ecliptic plane, the 
number of potential asteroids is refined to 43. Appendix A has a list of these asteroids and their 
known orbital parameters. Unfortunately, not much, if anything, is known about their physical 
properties and currently we can only identify potential asteroids by their orbit. 
The goal of narrowing down the potential asteroid list is two fold. First we want to reduce 
the amount of orbital manipulation each asteroid requires to reduce costs and material 
investment, and second, the travel time between the planets and the asteroid should be minimized 
to reduce radiation exposure. This means that the closer the asteroid is to colliding with the target 
planet, without being affected by its gravitational pull, the better.  
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The Unknowns 
While an Asteroid may fit the orbital requirements for use in a manned mission, if they 
are incapable of shielding astronauts from radiation, they are useless. Not much is known about 
the material and physical makeup of the vast majority of asteroids. Therefore the necessary 
shielding thickness cannot be computed to construct safe living spaces onboard. Experiments 
performed on samples of each asteroid, can provide the necessary data. 
To precisely identify how much shielding is needed, samples of asteroids need to be 
collected and analyzed, ideally be transferred to Earth for testing. To subject the samples to the 
proper levels of radiation, the best solution is to launch a probe with the samples and materials 
beyond Earth and into space between Earth and Mars to measure the drop in radiation behind the 
samples, thus determining their half thickness. 
NASA has already sent a mission to the NEA 25143 Itokawa, attempting to land on it and 
return a sample of the asteroid to Earth. Itokawa has all the orbital parameters making it a 
candidate for use in Mars travel. Although it is fairly large with a diameter of approximately 1 
km, it should be thick enough to provide adequate radiation shielding.
6
 The mission had many 
problems but did return a small sample of dust particles to Earth. While some may consider it a 
failure, it shows that such a sample return mission could be accomplished.
7
 
Ideally, samples returned from the asteroids would be placed onboard the experimental 
probe, but if that is not possible, a synthesized sample can be used. In the Apollo era, NASA 
created artificial moon dirt as to have the material needed to perform experiments, while not 
using up the genuine artifacts. This technique can be applied without having to return samples to 
Earth. Using instruments similar to the Curiosity Rover’s x-ray spectrometer and Laser Induced 
Breakdown Spectroscopy system, a probe exploring each potential asteroid can relay the exact 
material composition and makeup to Earth for synthesization and experimentation.  
 
Orbit Modification 
Making feasible use of asteroids for transportation will often require that the asteroids 
current orbit be modified in order to make transfer between Earth, Mars, and the asteroid more 
convenient. Unfortunately this process requires extensive use of discontinuous thrusting over the 
course of several orbits. The thrusting will have to done over perigee and apogee centered burn-
arcs, possibly at constantly changing thrust angles. Furthermore, concurrent changes in the 
asteroids apogee, perigee, eccentricity, and inclination angle will have to be made in order to 
affect the orbit change in a reasonable amount of time.
8
 Due to the difficulty in analyzing such a 
scenario the specifics will not be covered in this paper.  
What propulsion should be used can be analyzed however. The basis for analyzing 
propulsion methods lies in an equation of motion derived from the Reynolds transport theorem. 
This equation is (M-dmdtt)A=dmdtV. Where:  
 
◦ M is the total mass of the craft (the asteroid) 
◦ A is the acceleration of the craft 
                                                        
6
 (Williams, 2001) 
7
 (Grayzeck, 2012) 
8
 (Pollard) 
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◦ t is thrust time 
◦ dmdt is the mass flow rate of the propulsion system 
◦ V is the propellant velocity of the propulsion system 
 
The focus will be on the right half of the equation, dmdtV, which is equal in magnitude to 
the thrust force on the spacecraft. These two parameters, the mass flow rate, and the propellant 
velocity (V), can be used to evaluate the advantages and disadvantages of propulsion methods. 
The advantage of a high V is that more energy is imparted per propellant mass, meaning that in a 
situation where propellant mass is limited, such as long distance missions, more total energy can 
be imparted. High V systems tend to have very low dmdt however, giving them low thrust. Many 
high technologies have high thrust, but low V, making them mass inefficient and suitable for 
short missions. 
Since more propellant will rarely be brought to the asteroid due to the rarity of close 
approaches and the difficulty of coordinating long distance shipments, the propulsion method 
used on the asteroid will have to be as propulsion mass efficient as possible. As was discussed in 
the Space Propulsions section a high propellant velocity, V, is the parameter necessary for a 
propellant mass efficient system. One such currently available solution is ion propulsion. 
An ion engine works by expelling high velocity ions out of the rear of the craft, working 
on the same dynamic principles as the chemical rocket. In an ion engine a gas, usually an inert 
gas such as Xenon, is ionized either by being bombarded by high-energy electrons which knock 
valence electrons free from the gas creating a positive ion (electron bombardment method), or by 
the electron cyclotron resonance method which thermally excites electrons in a gas by virtue of 
microwaves and magnetic fields.
9
 Once ionized, the gas is accelerated out of the engine by 
electrostatic forces from a positively charged grid at the beginning of the flow chamber that 
repels the positively charged ions and a negatively charged electrode grid at the end, which 
attracts them.
10
 The high velocity ions leaving the engine supply the dmdtV.  
As stated previously, ion engine technologies qualities make it a promising solution for 
asteroid orbit modification. Firstly, ion engines have a very high propellant velocity, with some 
models having a V in excess of 90,000 m/s. This is in contrast to high thrust rockets, which 
typically have propellant velocities on the order of 3000-4000 m/s.
11
  
The negative result of this is of course a low dmdt (only 3.25 mg/s in the case of the 
Dawn spacecraft’s thruster) resulting in a low thrust. A typical thrust for a modern ion engine is a 
mere 0.5 N.
12
  
Fortunately higher thrust ion engines are in development. One such project, the High 
Power Electric Propulsion project has developed a 40 kW engine (19 times greater than the 2100 
W engine used by Deep Space 1).
13
 Furthermore, 200 kW configurations of current ion engine 
technologies have been suggested boasting thrusts up to 18 N, propellant velocities of 40,000 m/s 
or higher, and still with a low mass flow rate (between 100 and 1200 mg/s).
14
 And despite the 
power increase, they retain a power efficiency of upwards of 60% and a calculated thrust to mass 
flow ratio of up to 50000 N*s/kg.
15
 
                                                        
9
 (Ion Propulsion, 2008) 
10
 Ibid 
11
 Ibid 
12
 Ibid 
13
 (Dawn, 2011) 
14
 (Deep Space-1, 2009) 
15
 (Brown, 2009) 
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If given enough time, several of these higher thrust ion engines are placed on the asteroid 
they will allow for the asteroid’s orbit to be modified with low propellant and energy costs. The 
end result of these orbit manipulations will place the asteroid into a mildly elliptical orbit, which 
will travel from Earth to Mars in about 200-250 days. This will require the asteroid’s velocity to 
be approximately 25 kilometers per second, an easily attainable figure with the extensive time 
the propulsion systems will be thrusting. 
 
NEA Domestication 
Our solution relies on having a collection of easily accessible domesticated NEAs, which 
we have simply assumed to exist during our discussions thus far. However, this is where the 
complexity of our given solution lies, and this is what will determine the likeliness of using 
NEAs as transportation. Domesticating a single NEA involves modifying the NEA’s orbit and 
excavating a radiation-protected area in its body. As previously discussed, it is plausible to 
modify an NEA’s orbit with ion thrusters. Further research will need to be done in order to 
determine the best methods to create the radiation-protected hole, but we can put forth here the 
essential requirements. Using advanced robots that are physically and electronically hardened to 
survive in deep space, the selected asteroid will be prepared by drilling away material to 
construct the shielded living quarters for the crew. Being essentially stranded on the asteroid 
with no material support and little communication, the robots will have to be rugged, capable of 
repairing themselves, and completing the complex operations demanded of them with minimal 
error.  
The vision we have is not just one domesticated NEA. We believe that a few dozen will 
be necessary in order to make frequent trips to and from Mars due to their long orbital periods. 
Great care will need to be taken when creating this group so that the asteroids will not have a 
negative impact on the state of the solar system and survive for centuries without intervention 
from Earth. 
 
Case Study: A Mission To Mars 
There is a lot to consider when constructing a mission to Mars using NEAs as 
transportation and radiation protection. Due to the large amount of unknown data, we cannot be 
certain that a given solution will work. However, we believe that the solution we have provided 
is flexible enough to accommodate the unexpected. 
Using the four step plan discussed earlier as a guide, we will first need to find an NEA 
that passes Earth and then passes Mars shortly after. We envision a collection of a few dozen 
domesticated NEAs that have had their trajectories modified in such a way that they all pass by 
Earth’s and Mars’ orbit. These NEAs will be hollowed out enough to house and support the crew 
for the duration of their stay, while maintaining low radiation levels. If we are able to achieve 
this vision, selecting an NEA to use will be as simple as waiting for the next domesticated 
asteroid that will actually pass Mars (as opposed to passing Mars’ orbit when Mars is not there) 
to approach Earth. If we are not able to achieve this NEA domestication, manned missions using 
NEAs will be unfortunately infrequent. Once a suitable NEA has been selected, the rest falls into 
place. 
For the purpose of this case study, we have assumed an NEA will have a close approach 
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distance to Earth of 19.8x10
9
m , which is an average of close approach distances of several 
asteroids. The average is used to focus on the validity of the concept. Similarly, we take the close 
approach distance of the NEA to Mars to be 5.15x10
9
m. The semi-major axis of the asteroid’s 
orbit will be taken to be 186x10
9
m. 
Other assumptions include launch from a non-rotating Earth (for simplicity) and the 
heliocentric angle ϕHe=0°. The design will be done so that the velocities outgoing from Earth 
and outgoing from the asteroid are parallel to the respective object’s velocity. The desired 
heliocentric velocity from Earth will be 3000 m/s. It should be noted that the parameters chosen 
here are an example. They are not the only possibilities, and the parameters will depend on what 
circumstances are present. 
The first set of calculations is for the trip from Earth to the asteroid. The required 
injection velocity from Earth must be 11920 m/s. The time of flight from the Earth to its sphere 
of influence should be a little more than 1 day. After another 34 days the spacecraft should reach 
the orbital distance of the asteroid and must then increase its velocity by 550 m/s in order to enter 
the asteroids orbit, where it can then intercept. In summary, the total ΔV required for the first 
portion of the mission is 12470 m/s, and the time of flight is around 35 days. With the asteroid 
already prepared by the robots, the crew simply has to dock and they are all set. Lifting off from 
Earth has almost become routine, and small spacecraft have already practiced the asteroid 
interception maneuvers. The astronauts will stay docked on the asteroid until it reaches Mars, 
which will take about 3/4ths of a year. 
The second set of calculations is for the trip from the asteroid to Mars. It should be noted 
that the sphere of influence of the asteroid will be considered to be negligibly small. The 
spacecraft will leave the asteroid with a collinear injection velocity of 4000 m/s. After 70 days 
the spacecraft will reach the orbit of Mars. It will then have to change its velocity by another 
1200 m/s. It will then be able to enter the sphere of influence of Mars and intercept with a 
hyperbolic trajectory. In summary, the ΔV for the final portion of the trip will be 5200 m/s, and 
the time of flight will be around 70 days. This part of the mission to Mars concludes with landing 
on the celestial body itself, which, again, is a problem that has already been solved. 
The astronauts will thus be exposed to a total of 105 days worth of radiation during an 
almost year long trip. Given that the return trip will be similar, the total length of exposure to 
radiation will be a little more 200 days. This number will be dramatically lower in practice when 
we are dealing with actual distances, and not averages. With sufficient advancements in radiation 
protecting materials, this plan is feasible. 
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Conclusion 
We believe humanity is on verge of new era in which humans will expand their habitat to 
other celestial bodies. The advent of this new era is due to the combination of human curiosity 
and human survival. Radiation poses one of the greatest threats to the successful expansion of 
our race throughout the solar system and beyond. Our group has concluded that the use of NEAs 
is a possible solution for protecting humans against radiation en route to a new planet. 
Shielding from deep space radiation is difficult, and providing a safe environment in 
space places extreme burdens on the mission. Future space travelers may be genetically altered 
to provide a better natural defense to radiation. This idea should be investigated in the future as a 
supplement to the primary radiation protection efforts. 
Although NEAs have primarily been viewed as hazardous to human survival on Earth, 
we have developed a different perspective allowing us to take advantage of the properties that 
make them dangerous. In the same way that fire, an incredibly destructive force, was mastered in 
order to expand human society across Earth, we believe that NEAs are needed to expand human 
society throughout space. 
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Recommendations for Further IQP Research 
 There are several opportunities to continue research into using NEAs as vehicles for 
space exploration in the context of an IQP. This report is highly technical and only discusses the 
effect on humanity in moderate detail. Thus, there is room for a more extensive exploration of 
the societal and economic aspects of NEA use, including how to fund their domestication. 
Additionally, the psychological side-effects of long-term space missions could be discussed at a 
later date, as the initial reports from experiments like the Mars 500 project become available. 
Other technical aspects of this project that could be examined more in-depth are the challenges 
presented by long-term space travel, including food, water, air, artificial gravity, 
communications, artificial intelligence, and human biological reactions to spaceflight. The 
challenges of space travel are many, and there is still much to discover and plan for. 
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Conclusion 
Space poses many problems for humanity. Yet our species has come to the realization 
that these problems can no longer be ignored. The relationship between humanity and space is a 
two way relationship. Space has the ability to infringe upon humanity here on Earth. This can 
happen in several ways, from solar weather to impacts from space objects. This has been 
examined but can even be seen in the meteorite explosion over the city of Chelyabinsk, Russia 
on February 15, 2013 injuring over 1,000 people. Thus ‘Space within Humanity’ needs to be 
continually studied and solved to prevent disaster. However, besides ‘Space within Humanity’ 
there also lie many problems with ‘Humanity in Space’. 
Millennia of evolution has produced Earth’s greatest species, yet all of that evolution and 
adaptation is for a human to best live in its environment, Earth. Space is not the environment 
humans have adapted for in fact it is the polar opposite; this is why there are a vast number of 
problems humans must now overcome to continue farther into a frontier we were not born for.  
Space exploration presents several major problems. The problem that was the focus of 
this project was the high levels of radiation in space. Radiation outside of Earth is simply so high 
that humans are not capable of handling it biologically. Thus radiation must be solved to further 
the advancement of space exploration and the solution we developed is using Near Earth 
Asteroids (NEA’s). NEA’s exist naturally and can be selected based upon thorough criteria to 
protect against radiation and even act as transportation. In attempt to further solve this problem, 
the concept of taking one or several preferred NEA’s and modifying their orbital parameters and 
the asteroid itself was explored. It was found that NEA’s with favorable orbits exist, and that the 
concept of modifying their orbits and making them habitable is feasible. How current and future 
technologies could be best applied to do this was also investigated. This concept was then 
applied to solve the problem of getting to Mars with limited radiation and limited outside 
propulsion or fuel needed. A brief investigation of what a space-society might look like was 
done. Lastly research of threats to Earth from space and analysis of how they might be averted 
was conducted.  Although this paper does not solve all of the problems presented by space, it 
does present solutions to one of the most daunting ones, radiation, and protecting Earth and 
humanity from harm.  
 Space is commonly called the final frontier, a vast expanse with infinite challenges 
seemingly unsolvable to all but the science fiction writers. Yet this is a drastic over exaggeration, 
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yes space does pose many challenges, and yes they are not easy to solve. However we have now 
identified the main problems and the first step to a solution is knowing the problem. The 
problems are known, and the solutions are already being developed. This paper provides solution 
to one problem and continues the road to a space society in the future. It is very likely we will 
solve our problems presented by Neil Armstrong’s small step with a giant leap in much less time 
than it took our fore fathers after Columbus’ tiny voyage.  
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Appendix A: NEAs in Near-Hohmann Orbits to Mars’ Aphelion 
NOTE: Due to a lack of information on the physical properties of the asteroids listed in this table, only their orbital parameters are included. 
Information from the NASA JPL Small Body Database and the IAU Minor Planet Center. 
Asteroid Name 
 
NEA 
Group 
Aphelion 
(AU) 
Perihelion 
(AU) 
Semi-Major 
Axis (AU) 
Eccentricity 
 
Orbital Period 
(Days) 
Ecliptic 
Inclination (°) 
25143 Itokawa 
(1998 SF36) Apollo 1.6952 0.9532 1.3242 0.2802 556.2141 2.4283 
(2004 NK8) Apollo 1.7000 0.9541 1.3270 0.2811 557.9741 -4.6042 
(2009 SN103) Apollo 1.6442 0.9542 1.2992 0.2656 540.5227 -3.3692 
(2012 SG32) Apollo 1.6450 0.9569 1.3009 0.2644 541.6032 9.9726 
(2008 UR) Apollo 1.6705 0.9585 1.3145 0.2708 550.1119 5.0451 
(2000 CM33) Apollo 1.6825 0.9628 1.3227 0.2721 555.2264 9.7228 
(2010 SV15) Apollo 1.6772 0.9642 1.3207 0.2699 554.0215 -1.5370 
(2007 FB) Apollo 1.6590 0.9675 1.3133 0.2633 549.3181 9.1710 
(2010 VO21) Apollo 1.6722 0.9816 1.3269 0.2602 557.9055 4.7263 
(2009 DC12) Apollo 1.6734 0.9897 1.3316 0.2567 560.8456 -4.0678 
(2004 BV18) Apollo 1.6738 0.9951 1.3345 0.2543 562.6799 -2.8155 
(2008 TT26) Apollo 1.6915 0.9993 1.3454 0.2573 569.6073 -5.6807 
(2003 XH10) Apollo 1.6445 0.9996 1.3221 0.2439 554.8595 -2.6101 
(2006 BQ7) Apollo 1.6936 1.0003 1.3469 0.2573 570.5934 -4.9148 
(2009 SL) Apollo 1.6999 1.0004 1.3502 0.2590 572.6344 2.9294 
(2012 VD6) Apollo 1.6860 1.0011 1.3435 0.2549 568.4227 -1.1708 
(2010 FC) Apollo 1.6485 1.0104 1.3295 0.2400 559.5186 -0.5002 
(2003 YN1) Apollo 1.6604 1.0106 1.3355 0.2433 563.3374 2.4949 
 89136 (2001 
US16) Apollo 1.6984 1.0129 1.3556 0.2529 576.1184 5.6500 
(2010 XD) Amor 1.6496 1.0178 1.3337 0.2369 562.1876 0.9665 
(2008 SO) Amor 1.6421 1.0198 1.3309 0.2338 560.4387 -0.0169 
(2010 PS66) Amor 1.6696 1.0207 1.3451 0.2412 569.4517 -6.0393 
(2009 SW171) Amor 1.6417 1.0208 1.3312 0.2332 560.6362 -4.0976 
  
 
113 
(2008 CB175) Amor 1.6688 1.0237 1.3462 0.2396 570.1504 1.9534 
Asteroid Name 
 
NEA 
Group 
Aphelion 
(AU) 
Perihelion 
(AU) 
Semi-Major 
Axis (AU) 
Eccentricity 
 
Orbital Period 
(Days) 
Ecliptic 
Inclination (°) 
(2004 FK2) Amor 1.6410 1.0245 1.3327 0.2313 561.5753 4.2837 
(2006 CL9) Amor 1.6648 1.0276 1.3462 0.2367 570.1282 -4.2198 
(2001 SZ169) Amor 1.6410 1.0277 1.3344 0.2298 562.6249 -0.8266 
(2010 VA1) Amor 1.6601 1.0345 1.3473 0.2321 570.8109 4.5975 
(2011 WB96) Amor 1.6806 1.0397 1.3601 0.2356 578.9813 9.7771 
(1987 WC) Amor 1.6804 1.0437 1.3621 0.2337 580.2281 8.6878 
(2008 HS3) Amor 1.6562 1.0456 1.3509 0.2260 573.1254 1.0228 
(2005 HB4) Amor 1.6640 1.0457 1.3548 0.2282 575.6041 -4.6277 
(2011 SC16) Amor 1.6447 1.0461 1.3454 0.2225 569.6181 -0.4780 
152787  
(1999 TB10) Amor 1.6785 1.0477 1.3631 0.2314 580.8903 8.7973 
(2011 WD) Amor 1.6721 1.0494 1.3608 0.2288 579.3922 -1.4705 
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Appendix B: NEAs in Near-Hohmann Orbits to Mars’ Perihelion  
NOTE: Due to a lack of information on the physical properties of the asteroids listed in this table, only their orbital parameters are included. 
Information from the NASA JPL Small Body Database and the IAU Minor Planet Center. 
Asteroid 
Name 
NEA 
Group 
Aphelion 
(AU) 
Perihelion 
(AU) 
Semi-Major 
Axis (AU) 
Eccentricity 
 
Orbital Period 
(Days) 
Ecliptic 
Inclination (°) 
(2008 DG5) Apollo 1.5605 0.9511 1.2558 0.2426 513.6417 -4.7669 
(2005 ER70) Apollo 1.4977 0.9516 1.2246 0.2230 494.6646 -0.3221 
(2010 JT39) Apollo 1.4533 0.9522 1.2028 0.2083 481.4665 -2.1030 
(2002 GR) Apollo 1.4506 0.9523 1.2014 0.2074 480.6623 0.1691 
(2004 WH1) Apollo 1.4419 0.9543 1.1981 0.2035 478.6652 -4.4944 
(2006 HZ5) Apollo 1.4490 0.9544 1.2017 0.2058 480.8212 -2.8761 
(2009 EK1) Apollo 1.5271 0.9567 1.2419 0.2297 505.1501 -6.1663 
(2010 MY1) Apollo 1.4692 0.9577 1.2134 0.2108 487.8864 2.5597 
(2009 TQ) Apollo 1.5513 0.9596 1.2554 0.2357 513.4480 9.3325 
(2005 TA) Apollo 1.6010 0.9603 1.2806 0.2502 528.9844 6.0552 
162173 (1999 
JU3) Apollo 1.4159 0.9632 1.1895 0.1903 473.5504 -1.2710 
(2002 NV16) Apollo 1.5099 0.9653 1.2376 0.2200 502.5209 2.2717 
(2011 YT62) Apollo 1.4315 0.9666 1.1990 0.1939 479.2262 -1.0102 
(2011 MJ) Apollo 1.4750 0.9668 1.2209 0.2081 492.3856 3.2363 
(2009 XF2) Apollo 1.6038 0.9684 1.2861 0.2470 532.3440 1.2930 
(2006 HU50) Apollo 1.6053 0.9698 1.2875 0.2468 533.2665 -4.9307 
162162 (1999 
DB7) Apollo 1.4408 0.9709 1.2058 0.1948 483.3248 3.6853 
(2012 KA42) Apollo 1.6290 0.9727 1.3009 0.2522 541.5547 4.1647 
(2001 AV43) Apollo 1.5811 0.9730 1.2771 0.2381 526.7653 9.1753 
(2009 XP2) Apollo 1.4517 0.9732 1.2125 0.1973 487.3171 2.0990 
(2009 XZ6) Apollo 1.4681 0.9754 1.2218 0.2016 492.9218 -0.6844 
(2008 AF3) Apollo 1.4377 0.9759 1.2068 0.1913 483.9206 -5.0828 
(2006 BP147) Apollo 1.5964 0.9777 1.2871 0.2403 532.9818 -2.1832 
(2009 YS) Apollo 1.4063 0.9784 1.1924 0.1794 475.2350 -0.4020 
(2010 KE) Apollo 1.6159 0.9792 1.2975 0.2454 539.4822 -1.1647 
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(2002 FB) Apollo 1.4308 0.9804 1.2056 0.1868 483.1919 -0.1092 
Asteroid 
Name 
NEA 
Group 
Aphelion 
(AU) 
Perihelion 
(AU) 
Semi-Major 
Axis (AU) 
Eccentricity 
 
Orbital Period 
(Days) 
Ecliptic 
Inclination (°) 
164222 (2004 
RN9) Apollo 1.6271 0.9821 1.3046 0.2472 543.8815 3.2343 
(2012 HC25) Apollo 1.4381 0.9822 1.2101 0.1884 485.8995 -0.7454 
(2011 HF) Apollo 1.5842 0.9823 1.2832 0.2346 530.5952 -5.5246 
(2003 QH5) Apollo 1.5382 0.9824 1.2603 0.2205 516.4310 -0.0560 
(2003 YS70) Apollo 1.5922 0.9828 1.2875 0.2367 533.2459 7.1045 
(2011 PU1) Apollo 1.6347 0.9838 1.3092 0.2486 546.7916 -4.2856 
(2010 PR10) Apollo 1.4094 0.9873 1.1984 0.1761 478.8338 2.0077 
(2005 YA37) Apollo 1.5718 0.9884 1.2801 0.2279 528.6219 -5.2472 
(2009 QE34) Apollo 1.5882 0.9904 1.2893 0.2319 534.3524 5.3295 
(2009 FQ32) Apollo 1.4566 0.9941 1.2253 0.1887 495.0843 -1.0081 
(2008 CE119) Apollo 1.4246 0.9956 1.2101 0.1773 485.8956 0.5736 
(2003 BS35) Apollo 1.5155 0.9957 1.2556 0.2070 513.5420 2.4828 
(2010 XO) Apollo 1.6280 0.9958 1.3119 0.2409 548.4778 -6.0668 
(2012 FN) Apollo 1.4253 0.9961 1.2107 0.1772 486.2437 -4.0468 
(2007 TG71) Apollo 1.6063 0.9974 1.3019 0.2339 542.1843 8.4795 
(2003 GD42) Apollo 1.5907 0.9984 1.2945 0.2288 537.6056 -0.8471 
(2006 HW50) Apollo 1.4712 0.9998 1.2355 0.1907 501.2581 -1.6122 
(2008 XS) Apollo 1.5518 1.0025 1.2771 0.2150 526.8097 -6.4801 
(2011 YP10) Apollo 1.4189 1.0029 1.2109 0.1718 486.3617 2.1725 
(2008 TS10) Apollo 1.5157 1.0034 1.2596 0.2034 515.9875 -5.5296 
(2008 VA4) Apollo 1.5673 1.0034 1.2854 0.2193 531.9096 3.1624 
(2012 MY2) Apollo 1.5173 1.0035 1.2604 0.2038 516.4728 -1.3272 
(2008 UL3) Apollo 1.5840 1.0045 1.2942 0.2239 537.4314 -2.3003 
(2010 CE55) Apollo 1.5734 1.0061 1.2897 0.2199 534.6309 0.0391 
(2008 GE) Apollo 1.5372 1.0062 1.2717 0.2088 523.4643 -6.4160 
(2011 YJ6) Apollo 1.5750 1.0065 1.2908 0.2202 535.2711 4.6928 
(1993 KA) Apollo 1.5036 1.0074 1.2555 0.1976 513.4666 8.9861 
162783 (2000 Apollo 1.6170 1.0083 1.3126 0.2318 548.9364 6.5909 
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YJ11) 
(2012 FQ35) Apollo 1.5721 1.0090 1.2906 0.2181 535.1432 -0.6601 
Asteroid 
Name 
NEA 
Group 
Aphelion 
(AU) 
Perihelion 
(AU) 
Semi-Major 
Axis (AU) 
Eccentricity 
 
Orbital Period 
(Days) 
Ecliptic 
Inclination (°) 
190491 (2000 
FJ10) Apollo 1.6276 1.0097 1.3187 0.2343 552.7099 8.9571 
(2007 TE71) Apollo 1.4771 1.0106 1.2438 0.1875 506.3500 0.2928 
(2011 CY7) Apollo 1.5633 1.0119 1.2876 0.2141 533.3156 -4.8784 
(2012 WM28) Apollo 1.4162 1.0137 1.2150 0.1656 488.8148 2.7910 
(2011 AA23) Apollo 1.5776 1.0138 1.2957 0.2176 538.3294 -3.2402 
(2011 OK45) Apollo 1.5675 1.0144 1.2909 0.2142 535.3777 8.5900 
(2005 GP21) Apollo 1.6020 1.0145 1.3082 0.2246 546.1800 -3.9861 
(2005 RK3) Apollo 1.4783 1.0163 1.2473 0.1852 508.4446 -3.4296 
(2007 SO6) Amor 1.6212 1.0184 1.3198 0.2284 553.4185 6.0501 
(2009 KT4) Amor 1.5349 1.0188 1.2769 0.2021 526.6559 3.8431 
(2005 AJ3) Amor 1.5314 1.0189 1.2752 0.2010 525.5853 0.3912 
(2010 RM122) Amor 1.5868 1.0197 1.3033 0.2176 543.0588 0.0390 
(2005 GN22) Amor 1.5486 1.0204 1.2845 0.2056 531.3828 -4.9569 
(2005 PA5) Amor 1.6215 1.0217 1.3216 0.2269 554.5685 8.1751 
(2012 CA53) Amor 1.5086 1.0220 1.2653 0.1923 519.5048 3.6413 
(2010 RA12) Amor 1.6321 1.0228 1.3275 0.2295 558.2582 5.8362 
(2011 LV10) Amor 1.6346 1.0235 1.3290 0.2299 559.2583 2.4680 
(2011 TP6) Amor 1.6160 1.0240 1.3200 0.2242 553.5541 -4.5679 
2006 KQ1 Amor 1.4626 1.0262 1.2444 0.1754 507.0319 2.4484 
(2007 VW7) Amor 1.6311 1.0268 1.3290 0.2274 559.2133 5.2953 
(2011 HH) Amor 1.5838 1.0271 1.3055 0.2132 544.4420 -3.6791 
(2004 LX5) Amor 1.5859 1.0278 1.3068 0.2135 545.3018 6.4368 
2005 OH3 Amor 1.4446 1.0287 1.2367 0.1681 502.3150 -2.3640 
(2009 TB3) Amor 1.6085 1.0296 1.3190 0.2195 552.9422 5.0692 
 67367 (2000 
LY27) Amor 1.5869 1.0302 1.3085 0.2127 546.3660 1.8687 
(2011 PT) Amor 1.5936 1.0307 1.3121 0.2145 548.6251 -4.9582 
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(2005 EZ169) Amor 1.5995 1.0334 1.3164 0.2150 551.3120 -4.4120 
(2011 FQ29) Amor 1.6262 1.0334 1.3298 0.2229 559.7525 -3.6271 
(2003 GA) Amor 1.5267 1.0365 1.2816 0.1912 529.5716 -3.3133 
Asteroid 
Name 
NEA 
Group 
Aphelion 
(AU) 
Perihelion 
(AU) 
Semi-Major 
Axis (AU) 
Eccentricity 
 
Orbital Period 
(Days) 
Ecliptic 
Inclination (°) 
2012 DK61 Amor 1.4494 1.0374 1.2434 0.1657 506.4123 -0.8882 
(2000 TE2) Amor 1.6030 1.0380 1.3205 0.2139 553.8814 -0.9357 
(2011 UJ169) Amor 1.6180 1.0386 1.3283 0.2181 558.7696 3.3722 
2009 SC15 Amor 1.4907 1.0387 1.2647 0.1787 519.4736 -0.3144 
2007 YJ1 Amor 1.4890 1.0393 1.2641 0.1779 519.1493 -3.1464 
(2012 LW7) Amor 1.6218 1.0404 1.3311 0.2184 560.5605 1.4825 
(2005 JB46) Amor 1.6260 1.0424 1.3342 0.2187 562.5248 6.8972 
(2011 UZ275) Amor 1.5287 1.0457 1.2872 0.1876 533.0479 1.3581 
2001 KW18 Amor 1.4388 1.0464 1.2426 0.1579 505.9429 0.0655 
(2008 NX) Amor 1.5935 1.0465 1.3200 0.2072 553.5572 -6.5568 
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Appendix C: Additional Figures 
 
Figure 14: Radiation Around Earth189 
 
Figure 15: Van Allen Belts190 
                                                        
189
 (Benton & Benton, 2001) 
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Figure 16: Solar Particle Events191 
 
Figure 17: Venus Orbit Moving192 
  
                                                                                                                                                                                  
190
 (Benton & Benton, 2001) 
191
 Ibid. 
192
 (Birch, How To Move A Planet, 1993) 
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Appendix D: Equations 
  (
  
 
)  (
 
 
)   
 
  
    Equation of energy for an orbit
193
 
     (  
 
 
)         Equation of velocity for an orbit at r194    
              Equation for angular momentum of an orbit195 
      
    
  
          Equation of eccentricity of an orbit196 
              Equation for the periapsis (closest approach) radius of an orbit
197
 
   
  
 
 
   Orbital Parameter
198
  
        
 
 
(
 
 
  )   Angle between position vector (asymptote) and major axis (a) 199 
                  Equation for the major axis of interplanetary transfer orbit
200
 
                Equation for the intercept distance
201
 
        (
    
 
   
 ) 
       Equation for the impact parameter
202
  
       
  
 
          Time of flight of half of an elliptical orbit203 
                Outgoing heliocentric velocity (Velocities are vectors)
 204
 
               Change in velocity to switch to outer-planet orbit
205
 
         
  
    
    Angle between two orbits206 
         
       
        
    Eccentric Anomaly207 
             Mean Anomaly
208
 
                                                        
193
 (Hale, 1994), pg. 25 
194
 Ibid, pg. 26 
195
 Ibid, pg. 26 
196
 Ibid, pg. 21 
197
 Ibid, pg. 26 
198
 Ibid, pg. 49 
199
 Ibid, pg. 20 
200
 Ibid, pg. 102 
201
 Ibid, pg. 89 
202
 Ibid, pg. 107 
203
 Ibid, pg. 102 
204
 Ibid, pg. 93 
205
 Ibid, pg. 104 
206
 Ibid, pg. 49 
207
 Ibid, pg. 64 
208
 Ibid, pg. 65 
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   √  
    
              Change in velocity to switch between non-tangent orbits
209
 
     (
  
 
)
 
 
         Time of flight between two points of an elliptic orbit
210
 
          
       
        
   Hyperbolic Eccentric Anomaly211 
               Hyperbolic Mean Anomaly
212
 
      (
   
 
)
 
 
     Hyperbolic Time of Flight
213
 
The basic orbital parameters used were: 
RE 6.378x10
6 
m   
µE 3.986x10
14
   
VE 29790 m/s 
aE 1.496x10
11 
m   
µs 1.327x10
20
 
rM 3.93x10
6 
m   
µM 4.297x10
13
   
VM 24140 m/s 
aM 2.2799x10
11 
m   
VescM 5032 m/s 
d d=18.4x10
6 
m (craft close approach to Mars) 
ϕHe 0
0
 
D1 19.8x10
9 
m (asteroid close approach to Earth) 
D2 5.15x10
9 
m (asteroid close approach to Mars) 
aD 186x10
9
m (asteroid semi-major axis) 
 
  
                                                        
209
 Ibid, pg. 49 
210
 Ibid, pg. 67 
211
 Ibid, pg. 69 
212
 Ibid, pg. 69 
213 Ibid, pg. 69 
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